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ABSTRACT  Cut muscle fibers from Rana teraporaria (sarcomere length,  3.4-4.2 
p.m)  were  mounted  in  a  double  Vaseline-gap chamber  (14--15~  and  equili- 
brated with end-pool solutions that contained 20 mM EGTA and 1.76 mM Ca. Sar- 
coplasmic reticulum  (SR)  Ca release was estimated from changes in pH  (Pape, 
P. C., D.-S.Jong, and W. I~ Chandler. 1995.Journal of GeneralPhysiology. 106:000- 
000).  Although the amplitude and duration of the  [Ca]  transient, as well as its 
spatial spread from the release sites, are reduced by EGTA, SR Ca release elicited 
by either depolarizing voltage-clamp pulses or action potentials behaved in a man- 
ner consistent with Ca inactivation of Ca release. After a  step depolarization to 
-20 or 10 mV, the rate of SR Ca release, corrected for SR Ca depletion, reached a 
peak value within 5-15 ms and then rapidly decreased to a quasi-steady level that 
was about half the peak value; the time constant of the last half of the decrease 
was usually 2--4 ms. Immediately after an action potential or a  10-15 ms prepulse 
to -20 mV, the peak rate of SR Ca release elicited by a second stimulation, as well 
as the fractional amount of release, were substantially decreased. The rising phase 
of the rate of release was also reduced, suggesting that at least 0.9 of the ability of 
the SR to release Ca had been inactivated by the first stimulation. There was little 
change in intramembranous charge movement, suggesting that the changes in SR 
Ca release were not caused by changes in its voltage activation. These effects of a 
first stimulation on the rate of SR Ca release elicited by a second stimulation re- 
covered during repolarization to -90 mV; the time constant of recovery was ~25 
ms in the action-potential experiments and ~50 ms in the voltage-clamp experi- 
ments.  Fura-2, which is able to bind Ca more rapidly than EGTA and hence re- 
duce the amplitude of the  [Ca]  transient and its spatial spread from release sites 
by a  greater amount,  did not prevent Ca inactivation of Ca release, even at con- 
Address correspondence to: Dr. W. K. Chandler, Department of Cellular and Molecular Physiology, Yale 
University School of Medicine, 333 Cedar Street, New Haven, CT 06510-8026. 
Dr. Jong's current address is Department of Animal Science, National Taiwan University, Taipai, Tai- 
wan, R.O.C. 
Dr. Pape's current address is Dtpartement de Physiologie et Biophysique, Facult6 de Mtdecine, Univer- 
sit6 de Sherhrooke, Sherbrooke, Qutbec, Canada J1H5N4. 
J. GEN. PHYSlOL.￿9 The Rockefeller University  Press ￿9  0022-1295/95/07/337/52  $2.00  337 
Volume 106  August 1995  337-388 338  THE JOURNAL OF  GENERAL PHYSIOLOGY  "  VOLUME 106  ￿9  1995 
centrations as large as 6--8 mM. These effects of Ca inactivation of Ca release can 
be simulated by the three-state, two-step model proposed by Schneider, M. F., and 
B.J.  Simon  (1988. Journal of Physiology. 405:727-745),  in which SR Ca channels 
function as a single uniform population of channels. They are not readily recon- 
ciled with the idea that SR Ca channels exist in two functionally distinct popula- 
tions, voltage-gated and Ca-gated, and that only the Ca-gated channels are suscep- 
tible to Ca inactivation (Rios, E., and G. Pizarr6. 1988. News in Physiological Sciences. 
3:223-227). 
INTRODUCTION 
In the normal activation of skeletal muscle, Ca ions are released from the sarcoplas- 
mic reticulum (SR)  into the myoplasmic solution where they can bind to the Ca- 
regulatory sites on troponin. In frog fibers, which were used for the experiments 
reported in this article, ~300  ~M Ca (referred to the myoplasmic solution) is re- 
leased from  the  SR into  the  myoplasm after a  single  action  potential  (Baylor, 
Chandler, and Marshall, 1983; Baylor and Hollingworth, 1988; Pape,Jong, Chand- 
ler, and Baylor, 1993). This release is sufficient to complex most of the Ca-regula- 
tory sites on troponin, as expected from the changes in intensity of the second ac- 
tin layer line of the x-ray diffraction pattern  (Kress, Huxley, Faruqi, and Hendrix, 
1986). It is also sufficient to complex most of the Ca,Mg sites on parvalbumin that 
are  free  of divalent cations  before  stimulation  (Gillis, Thomason,  Lefevre, and 
Kretsinger, 1982; Baylor et al., 1983). As a result, most of the 300 ~M total Ca that is 
released is rapidly complexed by troponin and parvalbumin. 
A small fraction (<0.1) of the released Ca appears as the spatially averaged myo- 
plasmic free  [Ca]  transient, A[Ca]. In cut muscle fibers, the mean peak value of 
A[Ca] estimated with purpurate-3,3'diacetic acid (PDAA) is ~20 ~M with a sample 
standard deviation of 4  o~M  (Table II in Hirota, Chandler, Southwick, and Wag- 
goner, 1989). In intact fibers, it is ~10 wM with a sample standard deviation of 2 o~M 
(Table II in Konishi and Baylor, 1991). 
Because different fibers may have different amounts of Ca inside their SR,  the 
question arises how are fibers able to release a relatively constant amount of Ca-- 
approximately equal to the concentrations of Ca-regulatory sites on troponin and 
Ca,Mg sites on parvalbumin that are free of divalent cations before stimulation-- 
and  to  have  A[Ca]  signals  of approximately  constant  amplitude.  One  way  to 
achieve such regulation is for the release process itself to sense the amplitude and 
duration of the increase in myoplasmic-free [Ca]  and to inhibit additional release 
once the increase in [Ca]  has been sufficient to insure that Ca has been bound to 
the readily available sites on troponin and parvalbumin (Baylor et al., 1983;  Simon, 
Schneider,  and  Szfics,  1985;  Schneider  and  Simon,  1988;  Simon,  Klein,  and 
Schneider,  1991).  This inhibitory process will be called Ca inactivation of Ca re- 
lease. 
The experiments described in this article were undertaken to study this inactiva- 
tion in cut muscle fibers that contain millimolar concentrations of EGTA (Pape, 
Jong, and Chandler, 1995)  or fura-2  (Pape et al., 1993).  Under these conditions, 
the amplitude of the spatially averaged A[Ca] signal is reduced and the increase in JoNG ~'r AL.  Ca Inactivation of Ca Release in Muscle  339 
myoplasmic free  [Ca]  during release is expected to be restricted  to distances  no 
greater than a few hundred  nanometers of the SR release sites (Pape et al., 1995). 
In spite of these restrictions,  Ca inactivation of Ca release appeared to be promi- 
nent in our experiments. 
There are  at least two advantages of the  use of millimolar concentrations  of a 
high affinity Ca buffer to study Ca inactivation of Ca release. Firstly, estimation of 
SR Ca release is direct: nearly all of the released Ca is captured by the buffer and its 
amount is determined from an associated optical change. In the experiments with 
EGTA, the change in pH that accompanies Ca complexation is monitored (Pape et 
al., 1995)  whereas, in the fura-2 experiments, the change in Ca-free fura-2 concen- 
tration is monitored  (Pape et al.,  1993).  Secondly, within a  few milliseconds after 
cessation of a brief stimulation  (e.g., that produced by an action potential or a  10- 
15-ms voltage-clamp pulse  to  -20  mV),  A[Ca]  decreases  rapidly to a  low value, 
barely above the prestimulus level, so that continued  development of Ca inactiva- 
tion of Ca release is minimized and the time course of recovery from inactivation 
can be measured unambiguously. 
In most of our experiments, Ca inactivation of Ca release was produced by a first 
or conditioning stimulation and its effect was assessed by the change in Ca release 
elicited by a second stimulation. The inactivation had two main effects. The first is 
a reduction in the peak rate of SR Ca release (even after correction for the effects 
of Ca depletion),  as first described by Simon et al.  (1985)  and Schneider and Si- 
mon (1988). The second effect, which is a new finding, is an alteration of the time 
course of release: its time to half peak is delayed and the initial rising phase is re- 
duced. This reduction is sufficiently marked to indicate that most of the ability of 
the SR to release Ca, at least 0.9, is inactivated by a brief stimulation. Although we 
have no direct evidence that Ca causes these effects, such a causal action is certainly 
plausible because the reduction in the peak rate of release is similar to that attrib- 
uted  to  Ca  inactivation  of Ca  release  in  fibers with  unmodified  [Ca]  transients 
(Simon et al.,  1985;  Schneider and Simon,  1988).  Moreover, as shown in the Dis- 
cussion, these effects on both the amplitude and time course of Ca release are ex- 
pected from the model of Ca inactivation of Ca release proposed by Schneider and 
Simon (1988). For this reason, most of the effects of inactivation on Ca release de- 
scribed in this article will be interpreted as Ca inactivation of Ca release. 
A preliminary report of some of these results was presented to the Biophysical So- 
ciety (Jong, Pape, Baylor, and Chandler,  1994). 
METHODS 
The experiments were carried out at Yale University School of Medicine  (New Haven, CT) on cut 
muscle  fibers (Hille and Campbell, 1976) from cold-adapted Rana temporaria. The fibers were 
mounted in a double Vaseline-gap chamber (Kov~cs, Rios, and Schneider, 1983; Irving, Maylie, 
Sizto, and Chandler,  1987), stretched to a sarcomere length of 3.4-4.2  ttm, and studied at 14- 
15~  with the experimental methods used previously in this laboratory. The optical apparatus and 
method for the estimation of indicator-related absorbance signals are described in Irving et al. 
(1987) and Maylie, Irving, Sizto, and Chandler (1987). Methods for measurements with purpu- 
rate-3,3'diacetic  acid  (PDAA) are described in Hirota et aL (1989). Methods with EGTA-phenol 340  THE JOURNAL OF GENERAL PHYSIOLOGY  "  VOLUME 106  "  1995 
red are described in the preceding article  (Pape et al., 1995)  and those with fura-2, in Pape et al. 
(1993). The electrical methods used for the measurement of intramembranous charge movement 
are described in Chandler and Hui (1990)  and Hui and Chandler  (1990,  1991). The holding po- 
tential was -90  mV. 
The composition of the Ringer's solution that was used in the central pool in the action-poten- 
tial experiments is the same as that given in Irving et al.  (1987)  and Pape et al.  (1993). The com- 
positions of the external solutions used in the central pool for the voltage-clamp experiments are 
given in Table I. The compositions of the internal solutions for both the action-potential and volt- 
age-clamp experiments are given in Table II. 
After a  tetanus or voltage-clamp depolarization that depleted the SR of most of its readily releas- 
able Ca, a  5-min period of recovery was usually used before the next stimulation. A  recovery pe- 
riod of 3  min was usually used after a  single acdon  potential,  two action potentials, or a  pair of 
brief voltage-clamp depolarizations. 
TABLE  I 
Composition of  External Solutions in the Voltage.damp  E~..rim.mts 
TEA-gluconate  TEA-me  thane-sulfonate  TEA-MOPS  MgSO4  CaCI~ 
mM 
TEA-gluconate  110  0  10  10  0 
TEA-methanesulfonate  0  117  10  0  1.8 
TEA and  MOPS  represent  tetraethylammonium and  3-[N-Morpholino]propanesulfonic acid,  respectively. 
Both solutions contained 1 p,M tetrodotoxin and had a pH of 7.1. The TEA-gluconate solution is the same as 
that used in Pape et al  (1995),  The TEA-methanesulfonate solution is the same as that used in Jong et al. 
(1993). 
TABLE  II 
Composition of  InWmal Solutions 
X-glutamate  X~-EGTA  Ca-EGTA  MgSO4  Y~-ATP  X~CP  Xa-PEP  MOPS 
mM 
Action potential solutions 
(X=/~  Y= Na): 
K-glutamate with 
20 mM EGTA  45  18.24  1.76  6.8  5.5  20.0  5.0  5.0 
K-glutamate  76  0.1  0  6.8  5.5  20.0  5.0  5,0 
Voltage-clamp solutions 
(X=  Y= Cs): 
Cs-glutamate with 
20 mM EGTA  48  18.24  1.76  6.8  5.5  20.0  4.5  5.0 
Cs-glutamate  76  0.1  0  6.8  5.5  20.0  4.5  5,0 
EGTA, CP,  and PEP represent ethyleneglycol-bis-([]-aminoethyl ether)-N,~-tetraacetic  acid,  creatine  phos- 
phate, and phospho(enol)pyruvate, respectively. The pH was adjusted to 7.0 by the addition of KOH to the ac- 
tion potential solutions or CsOH to the voltage clamp solutions. The calculated concentrations of free Mg and, 
in the solutions containing 20 mM EGTA, Ca were 1 mM and 0.036 ~M, respectively. The K- and Cs-glutamate 
solutions with 20 mM EGTA are the same as those used by Pape et al. (1995). The K- and Cs-glutamate solu- 
tions (with only 0.t mM EGTA) are the same as those used by Pape et al. (1993) andJong et al, (1993), respec- 
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Statistical Tests of Significance 
The difference between the mean values of two sets of results was assessed with Student's two- 
tailed t test and considered to be significant if P <  0.05. 
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FIGURE 1.  Ca signals during a voltage step to 10 mV for two conditions, for fibers equilibrated with 
0.1 mM EGTA (A) and 20 mM EGTA (B). The traces in each panel show, from top to bottom, volt- 
age, dA[Cax]/dt  and A[Ca]; the dA[Cax]/dt traces have been corrected for SR Ca depletion to give 
the fractional rates of release. (A) Average of four traces from the four fibers from Rana temporar/a 
studied byJong et al. (1993). The A[Ca] signal was measured with PDAA and the dA [Cax]/dt signal 
was calculated from it with model 1 in Table I of Pape et al. (1993). For the calculation, the myoplas- 
mic concentration of Ca-regulatory sites on troponin was taken as 240 v,M, the apparent dissociation 
constant as 2 ~M, the forward rate constant as 0.575 ￿  108 M-is  -1, and the backward rate constant 
as 115 s-l; the concentration of Ca,Mg sites on parvalbumin was taken as 1.5 mM, the dissociation 
constant for Ca as 4 nM (with the forward rate constant equal to 1.25 ￿  l0  s M-is  -1 and the back- 
ward rate constant equal to 0.5 s-I), and the dissociation constant for Mg as 91 v,M (with the forward 
rate constant equal to 3.3 x  104 M-is  -1 and the backward rate constant equal to 3.0 s-l). To reduce 
noise in the A[Ca] and dA[Cax]/dt traces, the prestimulus baseline of the PDAA-related AA(570) 
signal was set equal to its mean value. Interval of time between data points, 0.48 ms. The TEA-meth- 
anesulfonate solution was used in the central pool and the Cs-glutamate solution with PDAA was 
used in the end pools.  (B) The dA[Cax]/dt and A[Ca]  signals were estimated with EGTA-phenol 
red, as described in Pape et al. (1995). The dA[Cax]/dt signal during the period of depolarization in 
A is redrawn as a thin continuous curve in B. Fiber reference, 314921; time after saponin treatment 
of the end pool segments, 90 min; sarcomere spacing, 3.5 wm; fiber diameter, 109 wm; holding cur- 
rent, -39  nA; temperature,  14~  concentration of phenol red at the optical site,  1.227 raM; esti- 
mated prim and free [Ca]a, 6.855 and 0.061 ~M, respectively; [CasR]R, 2,749 p,M; interval of time be- 
tween data points, 0.48 ms. The TEA-methanesulfonate solution was used in the central pool and 
the Cs-glutamate solution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red was used in 
the end pools. The A [Ca] signals are displayed at different gains in A and B. In this and the follow- 
ing figures, 0 ms on the time axis corresponds to the start of the stimulus. 342  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
RESULTS 
Ca inactivation  of SR Ca Release During a Depolarization in Voltage-clamped Muscle 
Fibers Equilibrated with O. 1 mM EGTA 
Fig. 1 A shows traces associated with a 50-ms depolarization from a holding poten- 
tial of -90 mV to 10 mV. Each trace represents the average of four traces obtained 
from four different cut muscle fibers. The external solution contained TEA meth- 
anesulfonate and the internal solution contained Cs glutamate and a small concen- 
tration of EGTA, 0.1 mM, as is usually used in experiments on cut fibers. The top 
trace shows the voltage recorded in end pool 1. The bottom trace shows the free 
[Ca]  transient that was measured with PDAA, an indicator that is expected to pro- 
vide a  reliable estimate of both the time course and amplitude  of the free  [Ca] 
transient  (Hirota et al., 1989). Within a few milliseconds after depolarization, the 
A [Ca] signal began to increase. This increase continued until soon after repolariza- 
tion to -90 mV when a maximal value of 88 IxM was reached. 
In the experiments reported in this article, A[CaT] is used to denote the amount 
of Ca released from the SR into the myoplasm, expressed in terms of myoplasmic 
concentration.  In  each  of the  four fibers used for Fig.  1 A,  the  time  course  of 
A[CaT]  (not shown) was calculated from A[Ca] with the method described by Bay- 
lor et al. (1983). Briefly, numerical integration was used to give the time courses of 
[CaTrop]  (the myoplasmic concentration of Ca bound to the Ca-regulatory sites 
on troponin)  and  [CaParv]  (the  myoplasmic concentration of Ca bound  to  the 
Ca,Mg  sites  on  parvalbumin).  A[CaT]  was  then  calculated  from  the  equation 
A[CaT]  =  A[Ca]  +  A[CaPDAA]  +  A[CaTrop]  +  A[CaParv], in which A denotes 
changes with respect to the resting levels; as discussed at the end of this section, the 
concentration of Ca that is removed by the SR Ca pump has not been included in 
the estimates of A [CAT]. The parameters for the calculations of A [CAT], which were 
taken from model 1 in Table I in Pape et al. (1993), are given in the legend of Fig. 1. 
The middle trace in Fig. 1 A shows the time course of dA[CaT]/dt, averaged from 
the four fibers after correction for SR Ca depletion. For the correction procedure, 
each uncorrected value of dA[CaT]/dt was divided by the corresponding value of 
the readily releasable Ca inside the SR,  [CasR]  (expressed in terms of myoplasmic 
concentration), and multiplied by 100 to give units of percent/millisecond (%/ms). 
The value of [CasR] was calculated from the equation  [CasR]  =  [CasR]R -- A[CaT], 
in which the value of [CasR]R, the prestimulus value of [CasR], was taken from the 
first entry in column 7 of Table IIIA in Jong, Pape, Chandler, and Baylor (1993); its 
mean value is 4,938 p.M. If the SR Ca channels have a single conducting state with a 
Ca flux that is directly proportional to [CasR],  the value of dA[CaT]/dt expressed in 
units of percent/millisecond should be directly proportional to the fraction of SR 
Ca channels that are open. Additional information about the depletion correction 
procedure, which was used for all of the dA [CAT]  /dt signals that were recorded un- 
der voltage-clamp conditions in this article, is given inJong et al. (1993) and in the 
text discussion of Fig. 13 in Pape et al. (1995). 
The dA[CaT]/dt signal in Fig.  1 A increased rapidly after depolarization and, at 
6.6 ms, reached a peak value of 0.96 %/ms. At the time of the peak, the value of 
A[Ca]  was  4.4  p,M.  During the next 10 ms, as A[Ca]  continued to increase, the JONG ET AL.  Ca Inactivation of Ca Release in Muscle  343 
dA[CaT]/dt signal  decreased rapidly to a  quasi-steady level of 0.23  %/ms,  deter- 
mined in the interval 20-30 ms after depolarization. The time constant of the final 
haft of the decrease was 3.2 ms. This rapid decrease in the rate of SR Ca release is 
presumed to be due to Ca inactivation of Ca release (Baylor et al., 1983; Simon et 
al., 1985; Schneider and Simon, 1988; Simon et al., 1991). 
The values of the parameters given in the preceding paragraph were obtained 
from the signals in Fig. 1 A, which were averaged from four fibers from Rana tempo- 
raria. Mean  values  and  SEM's  from  the  four  individual  fibers  are  0.998  %/ms 
(SEM, 0.208 %/ms) for the peak rate of release, 0.227 %/ms  (SEM, 0.039 %/ms) 
for the quasi-steady rate of release, and 2.66 ms  (SEM, 0.43 ms) for the time con- 
stant. 
The  ratio  of the  quasi-steady  to  peak value  of dA[CaT]/dt provides  some,  al- 
though probably not direct, information about the fraction of SR Ca channels that 
were not inactivated during the depolarization. The mean value was 0.232  (SEM, 
0.016) in the four fibers from Rana temporaria that were used for Fig. 1 A. In three 
other fibers, from Rana p~'piens, it was 0.181  (SEM, 0.010)  (Table III inJong et al., 
1993). 
In Fig. 1 A, the use of dA [CAT]/dt to estimate the rate of SR Ca release should be 
considered to be only approximate for two reasons. Firstly, the reliability of the cal- 
culation depends on the reliability of the values of the concentrations of troponin 
and parvalbumin and of their association and dissociation rate constants with Ca 
and, in the case of parvalbumin, Mg. Because the values of these parameters (given 
in  the  legend of Fig.  1)  were determined from biochemical and  morphological 
measurements, as described in Baylor et al.  (1983), it is necessary to assume that 
the same values apply inside a muscle fiber. Since it has not been possible to verify 
this assumption experimentally, its use introduces an uncertainty into the estima- 
tion of d~ [CAT]/dt. A definite advantage of the EGTA-phenol red method, which is 
used in the rest of this article, is that the measurement of clA[CaT]/dt  is direct so 
that this uncertainty is avoided. 
Secondly, the calculation of dA[CaT]/dt does not take into account the amount 
of Ca that is removed from the myoplasm by the SR Ca pump, both by binding and 
by translocation. Our method to estimate these amounts was described previously 
(Pape, Konishi, Hollingworth, and Baylor, 1990;Jong et al., 1993) and is based on 
the 11-step reaction cycle for the pump proposed by Fernandez-Belda, Kurzmarck 
and Inesi (1984). Calculations with this method show that, in Fig. 1 A, the peak and 
quasi-steady rates of SR Ca  release should be  1.09  and  0.36  %/ms,  respectively, 
rather than 0.96 and 0.23 %/ms based on dA[CaT]/dtalone. Another advantage of 
the  EGTA-phenol  red  method  for  the  measurement  of SR  Ca  release  is  that 
changes in free [Ca] are small so the rate of binding and translocation of Ca by the 
SR Ca pump is expected to be small and negligible compared with dA[Car]/dt. 
Ca Inactivation of SR Ca Release during a Depolarization in Voltage-clamped 
Muscle Fibers Equilibrated with 20 mM EGTA 
The traces in Fig.  1 B are analogous to those in Fig.  1 A except that the fiber had 
been equilibrated for 1.5 h with an end-pool solution that contained 20 mM EGTA 
with  1.76  mM  Ca  and  0.63  mM  phenol  red.  The  computational  procedure de- $44  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
scribed in the preceding article (Pape et al., 1995) was used to estimate A[Ca] from 
the phenol red signal. As in Fig. 1 A and throughout this article, the A[Ca]  signal 
represents the spatially averaged change in myoplasmic free [Ca]. In the presence 
of a large concentration of EGTA, however, the increase in  [Ca]  during release is 
expected to be restricted to distances within a few hundred nanometers of the SR 
Ca release sites (Pape et al., 1995). 
In Fig. 1 B, the composition of the external solution and the amplitude of the de- 
polarization,  10 mV, were the same as those used in the experiments in Fig.  1 A. 
For the first 4-5 ms after the depolarization, the time course of the dA[Cav]/dt sig- 
nal in Fig. 1 B is similar to but slightly above that in Fig. 1 A, which is indicated by a 
continuous  curve  (drawn  only during the period of depolarization). Thereafter, 
the signals diverge markedly as dA [Caw]/dt in Fig. 1 B continued to increase and to 
eventually reach a peak value that was slightly more than three times that in Fig. 1 A. 
This comparison suggests that, at the time of the peak value of d~ [CAT]/dt in Fig. 1 
A, the activation of the SR Ca channels had not reached a steady level and Ca inac- 
tivation of Ca release was developing rapidly. As a result, fewer than half the SR Ca 
channels were actually open at the time of the peak rate of release in Fig. 1 A. 
After the dA[Cav]/dt signal in Fig. 1 B reached a peak value of 3.01%/ms, it de- 
creased to a quasi-steady level of 1.62 %/ms  (determined 20-44 ms after depolar- 
ization) with a final time constant of 3.73 ms. In another fiber studied under simi- 
lar conditions (fiber 316921), the peak value was 1.71%/ms, the quasi-steady value 
was 1.12 %/ms, and the final time constant was 6.12 ms. Thus, on average, the peak 
value of dA[Caw]/dt with  20 mM EGTA was  2.36  %/ms  (SEM, 0.65  %/ms),  the 
quasi-steady value was  1.37 %/ms  (SEM, 0.25 %/ms), and the final time constant 
was 4.93 ms (SEM, 1.20 ms). For comparison, the corresponding mean values from 
the four fibers with  0.1  mM EGTA that were used in Fig.  1 A were 0.998%/ms, 
0.227%/ms, and 2.66 ms (given above). The peak of the A[Ca] signal in the exper- 
iment in Fig.  1 B and in the other experiment with 20 mM EGTA was reduced by 
two orders of magnitude compared with that in Fig. 1 A (note different gains). 
These results are consistent with the idea that EGTA reduced myoplasmic free 
[Ca] and that this, in turn, reduced Ca inactivation of Ca release. Nevertheless, Ca 
inactivation of Ca release appears to have developed in the presence of millimolar 
concentrations of EGTA, as evidenced by the rapid decline of the dA [CAT]/dt sig- 
nal in Fig. 1 B from the peak to the quasi-steady level, a decline that is qualitatively 
similar to that observed in Fig. 1 A. Since the onset of inactivation also appears to 
have developed rapidly in Fig.  1 B, it seems unlikely that all of the SR Ca release 
channels were open at the peak of the dA [CAT]  / dt signal. 
In the experiment in Fig. 1 B, the quasi-steady value of dA [CAT]  / dt divided by the 
peak value was 0.537. In another similar experiment with EGTA (fiber 316921), a 
value of 0.657 was obtained. The mean of these values, 0.597 (SEM, 0.060), is signif- 
icantly different from those obtained from fibers from Rana temporaria and Rana 
pipiens equilibrated with only 0.1  mM EGTA, 0.232 and 0.181, respectively (given 
above). 
Our results obtained from fibers with unmodified [Ca]  transients  (Fig.  1 A and 
related experiments) can be compared with the results obtained by Schneider and 
Simon  (1988)  under similar  conditions.  Our mean values of the  quasi-steady to JONG ET AL.  Ca Inactivation of Ca Release in Muscle  345 
peak ratio of d~[CaT]/dt, 0.23 from Rana temporaria and 0.18 from Ranapipiens, are 
similar to their range of values, 0.2-0.3 from Rana pipiens. On the other hand, our 
mean values of the final time constant,  2.66 ms  (SEM, 0.09 ms) from Rana tempo- 
raria and  1.58 ms  (SEM, 0.08  ms) from Rana pipiens,  are very much smaller than 
their mean value from Rana pipiens, 32.3 ms (SEM, 1.9 ms). 
We do not have a satisfactory explanation for such a marked difference in the val- 
ues of the final time constant.  Some of the differences in the  two sets of experi- 
ments are:  (a)  the  method used  to estimate SR Ca release,  (b)  the  temperature 
(Schneider and Simon  [1988]  worked at 6-10~  whereas we used  14~  and  (c) 
the range of voltages (Schneider and Simon [1988]  used depolarizations to -41 to 
-20  mV whereas we used 10 mV). It seems unlikely that the range of voltages can 
account for the difference, however, because the time constant appears to be inde- 
pendent  of  membrane  potential  between  -41  and  0  mV  (Melzer,  Rios,  and 
Schneider,  1984; Schneider and Simon, 1988). 
The general conclusion from experiments such as those used for Fig.  1 is that 
equilibration of a fiber with 20 mM EGTA and 1.76 mM Ca reduces the amount of 
Ca inactivation  of Ca release  that develops during  a  step  depolarization  (as  evi- 
denced by increases in both  the peak and quasi-steady values of dA[CaT]/dt).  20 
mM EGTA, however, does not completely eliminate Ca inactivation of Ca release 
(as evidenced by a quasi-steady to peak ratio of cI~[CaT]/dt that is less than unity). 
Other experiments also suggest that the  amount of Ca inactivation  of Ca release 
that remains after equilibration with 20 mM EGTA is little affected by whether the 
external solution contains 1.8 mM Ca or 10 mM Mg: for example, the d~[CaT]/dt 
signal in Fig. 1 Bis very similar to that in Fig. 13 of Pape et al. (1995). 
Ca Inactivation of Ca Release Studied with Action-potential Stimulation 
It was also of interest to characterize the amount of Ca inactivation of Ca release 
that is produced by an action potential in fibers equilibrated with 20 mM EGTA. As 
shown in the following section, the time course of recovery from this inactivation 
can be used to estimate the amount of inactivation that develops during an action 
potential and is present immediately afterward. 
Schneider and Simon (1988) were the first investigators to study the time course 
of recovery of Ca inactivation of Ca release. They used voltage-clamp stimulation of 
cut fibers that were equilibrated with  an  internal  solution  that contained  only a 
small concentration of EGTA, 0.1 raM. SR Ca release was measured during two de- 
polarizing  pulses,  a  prepulse  and  a  test  pulse.  Inactivation  was  elicited  by the 
prepulse and the time course of its recovery was estimated with test pulses applied 
after different periods of repolarization. 
Schneider  and  Simon  (1988)  found  that,  after repolarization,  recovery began 
only after free  [Ca]  had decayed to near its prestimulus level. After a  sufficiently 
long period of repolarization,  the peak rate of SR Ca release recovered to a  new 
constant level that was smaller than that obtained without a prepulse, a finding at- 
tributed  to SR Ca depletion  (Schneider,  Simon, and Sztics,  1987).  The time con- 
stant of recovery to the new level was, on average, 90 ms at 6-10~  Schneider and 
Simon (1988)  regarded this value as an upper limit of the time constant of recovery 346  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
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FIGURE 2.  SR Ca release elicited by two action potentials separated by interstimulus intervals of vary- 
ing duration. (A) The top set of superimposed traces shows five pairs of action potentials in which 
the second action potential was stimulated 10-100 ms after the first. The first action potentials of 
each pair essentially coincide. The next sets of superimposed traces show, in order, the correspond- 
ing A[CaT], dA[CaT]/dt, and A[Ca] signals. (B) The filled circles show the values ofjs  plotted as a 
function of the interval between the initiation of the two stimuli. For each value ofjs and f, A[CaT] 
was averaged during the interval 10-13 ms after the stimulus; this interval was chosen so that the fi- 
nal part of the signal after the first action potential could be resolved when the interval between 
sdmuli was as short as 10 ms, the shortest interval used. The continuous curve shows the exponential 
function plus a constant that was least-squares fitted to the experimental points. It is equal to 0.151 
at 0 ms and 0.281 at 5 ms and approaches a final value of 0.939; the time constant is 27.5 ms. (C) 
Similar to B except that the filled circles show the values of pJ~.  The fitted exponential curve is 
equal to 0.322 at 0 ms and 0.408 at 5 ms and approaches a final value of 0.935; the time constant is 
33.1 ms. Fiber reference, O10911; time after saponin treatment, 77-110 rain; sarcomere spacing, 3.4 
i~m; fiber diameter, 130 I~m; holding current, -46 to -47 hA; amplitude of first action potential, 
132 mV; temperature,  15~  concentration of phenol red at the optical site, 1.098-1.468 mM; esti- JONG ET AL.  Ca Inactivation of Ca Release in Muscle  347 
at resting free  [Ca], however, because the value of free  [Ca]  was elevated during 
the first part of the recovery period. 
Schneider and Simon (1988) also found that, if the prepulse produced only par- 
tial inactivation, inactivation continued to develop during the period of repolariza- 
tion  for as  long as  the  value  of free  [Ca]  remained  elevated. As  these  authors 
pointed out, this observation provides good evidence that the inactivation is Ca de- 
pendent. Unfortunately, it is not easy to obtain similar evidence in our experiments 
because the Ca buffering action of EGTA or fura-2 rapidly reduced the value of 
free  [Ca]  during the recovery period to just above the prestimulus level. On  the 
other hand, this reduction in free [Ca] allows a straightforward estimate of the rate 
constant for recovery from Ca inactivation of Ca release. 
Fig. 2 shows the results of an experiment in which recovery was studied with two 
action potentials. The external solution was Ringers and the internal solution was 
the K-glutamate solution with 20 mM EGTA plus 1.76 mM Ca and phenol red (Ta- 
ble II). The top superimposed traces in Fig. 2 A show five pairs of action potentials 
recorded with different intervals between the two stimuli. The second set of traces 
shows A[CaT]. The responses associated with all of the first action potentials coin- 
cide, indicating that the condition of the fiber was stable throughout the experi- 
ment. The first responses rapidly increased to an early peak and then decreased 
slightly to a nearly constant steady level until the second period of release began. 
This steplike waveform is consistent with the idea that the duration of SR Ca release 
after an action potential is brief and that the rate with which Ca dissociates from 
CaEGTA and is returned to the SR is very slow (Pape et al., 1995). The third set of 
traces in Fig. 2 A shows dA[CaT]/dt. 
In Fig. 2 A, the amplitudes of the A [CAT] and dA [CAT]  ~dr signals associated with 
the second action potential were smaller than those associated with the first action 
potential. With the smallest interstimulus interval used,  10 ms, the second A[CaT] 
and  dA[CaT]/dt signals  were,  respectively, only ~0.34  and 0.43  times  the  corre- 
sponding first signals. As the interval was increased, the amplitudes of both second 
signals increased, consistent with recovery from inactivation. The amplitudes after 
the longest recovery period, 100 ms, were smaller than those of the first signal, pre- 
sumably because of SR Ca depletion (Schneider et al., 1987). 
The changes in the amplitude of A [CAT] and dA [CAT]  ~dr after the second action 
potential in Fig. 2 A were accompanied by little if any change in the action poten- 
tial waveform; the difference between the amplitudes of the first and second action 
potentials was 2.9 mV for an interstimulus interval of 10 ms and between 1.6 and 
-1.5 mVfor intervals I>15 ms. 
mated pHR and free [Ca]R, 6.960--6.929 and 0.044--0.050 ~M, respectively;  interval of time between 
data points, 0.12 ms. The value of [CasR]R  was 1,781 p,M 5 rain before the first run of the series and 
1,844 p.M 10 min after the last run; the mean of these two values, 1,813 ~M, was used for correcting 
the values of A  [CAT] and d21[CaT]/dtfor SR Ca content. The mean values of  Ji and/h were 0.164 and 
6.12 %/ms, respectively.  Ringer's solution was used in the central pool and the K-glutamate  solution 
with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red was used in the end pools. 348  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 106  ￿9 1995 
The bottom trace in Fig. 2 A shows the A[Ca]  signal. During each interstimulus 
interval, from the end of the first period of SR Ca release until the beginning of the 
second period, EGTA was able to buffer myoplasmic free [Ca]  to a small value that 
was only slightly above the resting level. During this period, any Ca that was bound 
to a putative  inactivation  receptor would have  had a chance  to dissociate and be 
bound by EGTA, thus removing its inactivating effect. 
Pape et al. (1995)  used f~ to represent the fractional amount of Ca released from 
the SR by the n th action potential; its value is equal to the increase in total Ca con- 
centration in the myoplasmic solution produced by the n th action potential divided 
by the value of [CasR] just before the n th action potential. Fig. 2 B shows the values 
TABLE  III 
Recovery of Sit Ca Release after an Action Potential in Fibers Equilibrated with 20 mM EGTA 
(1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9) 
j~/j~  p~/p, 
Fiber reference  Y(O)  Y(5)  y(oo )  ~  Y(O)  11(5)  y(oo ) 
7715 
425911  0.213  0.339  0.935  26.1  0.268  0.379  0.926  27.0 
923911  0.148  0.279  0.997  29.8  0.234  0.349  0.900  26.4 
925911  0.029  0.196  0.959  25.3  -0.012  0.175  0.951  23.1 
O10911  0.151  0.281  0.939  27.5  0.322  0.408  0.935  33.1 
Mean  0.135  0.274  0.958  27.2  0.203  0.328  0.928  27.4 
SEM  0.038  0.029  0.014  1.0  0.074  0.052  0.011  2.1 
Column 1 gives the fiber reference. A decreasing exponential function plus a constant was fitted to recovery 
data such as those illustrated in Fig. 2 B (for  ]~/s~) and Fig. 2 C (for p2/pl). Columns 2-4 give the values of the 
function fitted to j~/~i at 0, 5, and 00 ms, respectively; column 5 gives the values of the time constant of the expo- 
nential function. Columns 6--9 are analogous to columns 2-5 except that the values were obtained from the 
functions fitted to p2/pl. Time after saponin treatment, 77-158 min; sarcomere spacing, 3.4-3.6 p,m; fiber di- 
ameter, 86-137 p,m; holding current, -33 to -77 nA; amplitude of the first action potential, 118-134  mV; tem- 
perature, 14-15~  concentration of phenol red at the optical site, 0.903-1.804  raM; estimated pHR and [Ca]R, 
6,844-6.960  and 0.044-0.074  ~,M; SR Ca content, 1,813-2,562  p,M. Ringer's solution was used in the central 
pool and the K-glutamate  solution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red was used in 
the end pools. 
ofj~/j~ plotted as a function of the interval between stimuli. The curve represents a 
least-squares fit of a decreasing exponential function plus a constant. The curve has 
an initial value of 0.151  and approaches a  steady state value of 0.939 with a  time 
constant of 27.5 ms. 
Fig.  2  C shows the values of pJp~ plotted as a  function of the interval between 
stimuli; ion represents the peak value of dA [CAT] ~dr elicited by the n th action poten- 
tial, divided by the value of [CasR] just before the n th action potential and then mul- 
tiplied by 100  to give units  of percent/millisecond.  The fitted exponential  curve 
has an initial value of 0.322, a final value of 0.935, and a time constant of 33.1 ms. JONG ET AL.  Ca Inactivation  of Ca Release in Muscle  349 
Results similar to those in Fig.  2 were obtained in three other experiments in 
which recovery was measured after an action potential. Table III gives information 
about the exponential fits of the time courses of the recovery ofj~/j~ and P2/Pl. Col- 
umn 1 gives the fiber reference. Columns 2 and 4 give, respectively, the initial and 
final values of the exponential curves fitted to j~/Ji and column 5 gives the values of 
the time constant of the exponential function. Columns 6, 8, and 9 give similar in- 
formation about the exponential fits to P2/Pl. 
The mean values of the time constant for the recovery of~/Ji and P2/Pl are 27.2 
(column 5 in Table III) and 27.4 ms (column 9), respectively. These values are not 
significantly different from each other but are significantly smaller than the values 
of the recovery time constant obtained in voltage-clamp experiments, as discussed 
below in connection with Table IV. 
The mean steady state values of the fitted recovery curves are 0.958 for)~/~ (col- 
umn 4 in Table III) and 0.928 for P2/Pl (column 8). Both values are close to unity, 
indicating that recovery was nearly complete. The second value, 0.928,  is signifi- 
cantly smaller than unity, however, consistent with the idea that some of the inacti- 
vating effects of an action potential remain after a period of repolarization as long 
as  0.2 s.  Similar long lasting effects were also  observed after brief voltage-clamp 
pulses (Figs. 5, 6, and 8 and Table IV). 
The Values of  fz/fl and pz/Pl without Recovery between the First and Second Action 
Potential Are Estimated to Be ,~0.3 
If the exponential curves in Fig. 2, B and C, are reliable monitors of the time course 
of recovery from inactivation, their initial values might be taken as estimates of the 
values of  J~/j] and P2/Pl that would have been obtained if there had been no recov- 
ery after the first action potential. It seems likely, however, that recovery occurred 
only during the period when the value of free [Ca] was small and near its prestimu- 
lus level, i.e., from the time when free [Ca] had returned to near the baseline level 
after the first action potential until the time when it started to increase after the 
second action potential (bottom trace in Fig. 2 A). This interval of time is shorter 
than the interstimulus interval by ,'-,5 ms. Thus, more realistic estimates of the val- 
ues of)~/j~ (Fig. 2 B) and p~/pl (Fig. 2 69 without recovery are expected to be given 
by the values of the fitted curves at 5 ms. These are given in columns 3 and 7, re- 
spectively, in Table III. The mean values, 0.274 ford/J] and 0.328 for P2/Pl, are not 
significantly different from each other. 
The main conclusion of this and the preceding section is that, immediately after 
an action potential in a fiber equilibrated with 20 mM EGTA and  1.76 mM Ca, a 
large  fraction  of the  ability of the  SR  to  release  Ca  appears  to  be  inactivated, 
roughly 0.7 (one minus the values in columns 3 and 7 in Table III), and that, after 
free [Ca]  is reduced to near its prestimulus level, this inactivation recovers with a 
time constant of ~25 ms  (columns 5 and 9 in Table III). Another method for the 
estimation  of the  amount  of inactivation  produced  by an  action  potential,  de- 
scribed below, gives a value of at least 0.9. 350  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
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FIGURE 3.  Voltage-clamp simulation of the two action-potential experiment in Fig. 2. SR Ca release 
was elicited by two 12-ms voltage pulses to -20 mV separated by a repolarization interval to -90 mV 
of varying duration. (A) The top set of traces shows five superimposed records of voltage. The mid- 
dle and bottom sets of traces show, respectively, the corresponding A[CaT] and dA[CaT]/dt signals. 
(B) The filled circles show the values of~/j~ plotted as a function of the duration of repolarization. 
The continuous curve shows the exponential function plus a constant that was least-squares fitted to 
the experimental points. Its initial and final values are 0.280 and 0.976, respectively, and its time 
constant is 50.5 ms. (C) Similar to Bexcept that the filled circles show the values ofpz/pl. The fitted 
exponential curve has initial and final values of 0.370 and 1.036 and a time constant of 57.2 ms. Fi- 
ber reference, N26911; time after saponin treatment, 163-190 min; sarcomere spacing, 3.4 Pan; fi- 
ber diameter, 129-130 I~m; holding current, -44 nA; temperature, 14~  concentration of phenol 
red at the optical site, 1.846-1.925 raM; estimated pHR and free [Ca] R, 6.822-6.803 and 0.082-6.090 
v.M, respectively; interval of time between data points, 0.24 ms. The value of [CasR]R was 1,986 I~M 5 
min before the first run of the series and 2,171 I~M 3 min after the last run; linear interpolation was 
used to estimate values during the series. The mean values ofj~ and/~ were 0.157 and 1.78 %/ms, 
respectively. The TEA-gluconate solution was used in the central pool and the Cs-glutamate solution 
with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red was used in the end pools. In this and 
subsequent figures, the dA [CAT]/dt signals have been corrected for SR Ca depletion. JONG ET AL.  Ca Inactivation of Ca Release in Muscle  351 
Two Brief Voltage Pulses Can Be Used to Study the Recovery of Ca Inactivation 
of Ca Release 
The next experiments were carried out to find out whether the marked degree of 
inactivation produced by an  action potential  in  fibers equilibrated with  20  mM 
EGTA could also be observed with brief depolarizations in a voltage-clamp exper- 
iment. 
Fig. 3 shows the results of an experiment carried out on a fiber equilibrated with 
the Cs-glutamate internal solution with 20 mM EGTA plus 1.76 mM Ca and phenol 
red;  the  external solution was TEA-gluconate  (with  10 mM Mg and  nominally 0 
mM Ca). The top superimposed traces show five voltage records, each taken with 
two 12-ms pulses to -20 mV that were separated by periods of repolarization that 
varied from 30 to 150 ms. The duration of the depolarization was selected so that 
the mean value of  Ji (0.157 in Fig. 3) would be similar to that in the action-potential 
experiments  (0.164 in Fig. 2).  ~, j~,/h, and P2 have meanings that are similar to 
those used in the action-potential experiments.) The pulse duration was too brief, 
however, for dA[CaT]/dt  to reach a  peak value during either the first or second 
pulse. 
The middle and bottom sets of traces in Fig. 3 A show A[CaT]  and dA[CaT]/dt, 
respectively. The dA[CaT]/dt  traces have been corrected for SR Ca depletion, as 
was  routinely done in  experiments on voltage-clamped fibers. The A[Ca]  traces 
(not shown) have the same waveform as the dA [CAT]/dt traces, similar to the situa- 
tion in Fig. 2 A. In this experiment, as in the one in Fig. 2 A, all of the A[CaT] and 
dA [CAT]/dt signals associated with the first pulse, or prepulse, were similar. The sig- 
nals elicited by the second pulse, or test pulse, however, were small when the dura- 
tion of repolarization was brief, and their amplitudes progressively increased as the 
duration was increased. 
Fig. 3, B and C, shows the values of~/]i  (B) and PJPl  (6) plotted as a function 
of the duration of repolarization. The curve in each panel shows a least-squares fit 
of a decreasing exponential function plus a  constant to the data.  In B, the initial 
and final values of the curve are 0.280 and 0.976, respectively, and the time con- 
stant of the exponential function is 50.5 ms. In  C, the initial and final values are 
0.370 and 1.036 and the time constant is 57.2 ms. These results are generally simi- 
lar to those obtained with action-potential stimulation, as illustrated in Fig. 2, ex- 
cept that the value of the time constant of recovery is about twice as large. 
Voltage-clamp results, similar to those in Fig. 3, were obtained in a total of five ex- 
periments in which SR Ca release was monitored with two brief (10-15 ms) pulses 
to -20 mV separated by a variable period of repolarization. The first five rows in 
Table IV give the  parameters  associated with  the fitted exponential curves from 
these experiments. Column 1 gives the fiber reference. Columns 2 and 3 give, re- 
spectively, the initial and final values of each curve fitted to j~/Ji and column 4 gives 
the values of the time constant of the exponential function. Columns 5-7 give simi- 
lar information for the curves fitted to P2/Pl. All of the values of the mean and SEM 
at the bottom of the table were calculated from the data in these first five rows. The 
data in the last two rows of the table were not used for the means because they give 
values of parameters obtained with a brief prepulse and a long lasting test pulse, as 
described in the next section. 352  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
In these experiments, the rate of Ca release increased after depolarization with a 
delay that was approximately equal to the time required for release to turn off after 
repolarization.  Consequently,  the  duration  of repolarization was  approximately 
equal to the period of time during which SR Ca release, and consequently the value 
of myoplasmic free [Ca], was small and close to the prestimulus level. For this rea- 
son, the initial values of the exponential curves fitted to j~/j] and P2/Pl in Table IV 
are expected to represent the values that would have been obtained if no recovery 
TABLE  IV 
Recovery of SR Ca Release after a Brief  Depolarization  in Fibers Equilibrated  with 20 mM EGTA 
(1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10)  (11)  (12)  (13) 
Ratio of rising phases 
]~/Ji  pJpa  Prepulse  Test (150 ms) 
Fiber reference  Y(0)  y(o0)  ~  Y(0)  Y(co)  ￿9  Y(0)  y(oo)  "r  Y(0)  y(oo)  "r 
ms  ms  ms  m~ 
N14911  0.183  0.985  38.9  0.267  0.979  37.2  0.013  0.810  46.2  -0.028  1.041  38.5 
N15911  0.201  0.986  44.7  0.275  1.036  49.1  0.067  0.825  50.6  0,052  1.050  47.0 
N19911  0,445  0,994  49.6  0.524  0.974  62.4  0.248  0.773  38.6  0.337  1.024  37.1 
N25911  0.368  0.970  31.5  0.507  0.964  37.1  0.046  0.799  60.3  0.100  1.256  98.1 
N26911  0.280  0.976  50.5  0.370  1.036  57.2  0.093  0.796  42.7  0.169  1.050  50.6 
N25911  0.586  1.002  56.4  -0.082  0.726  40.7  -0.198  1.015  35.4 
N26911  1.030  1.403  73.2  0.117  0.796  43.7  0.127  1.037  39.5 
Mean  0.295  0.982  43.0  0.389  0.998  48.6  0,093  0.801  47.6  0.126  1.084  54.3 
SEM  0.050  0.004  3.5  0.055  0.016  5.1  0.041  0.009  3.7  0.062  0.043  11.2 
Column 1 gives the fiber reference. A decreasing exponential function plus a constant was fitted to recovery 
data such as those illustrated in Fig. 3 B for J~/J], Figs. 3 Cand 6 A for p2/Pl, Fig. 6 Cfor the ratio of the initial 
rising phases of the test and prepulse dA [Car]/dr signals, and Fig. 6 D for the ratio of the initial  rising phases of 
the test and 150 ms recovery test dA[Car]/dt  signals. Columns 2 and 3 give the values of the function fitted to 
J~/j5 at 0 and co ms, respectively;  column 4 gives the values of the time constant of the exponential function. 
Columns 5-7, 8-10, and 11-13 are analogous to 2--4 except that the functions were fitted to pJpl, the ratio of 
the initial  rising phases of the test and prepulse signals, and the ratio of the initial  rising phases of the test and 
150-ms recovery test signals,  respectively.  The values in the first five rows were obtained with 10-15  ms test 
pulses that had the same duration as the prepulses; only these values were used for the determination of the 
Mean and SEM. The values in rows 6 and 7 were obtained with 250-ms test pulses. All prepulses and test pulses 
were to -20 mV. Time after saponin treatment 68-207 min; sarcomere spacing, 3.4 I~m; fiber diameter, 84-149 
Ixm; holding current,  -24 to  -73 nA;  temperature,  14~  concentration of phenol red at the optical site, 
0.969-1.950  mM; estimated pHR and [Ca]R, 6.797--6.888 and 0.060-0.092  I~M; SR Ca content, 1,996-2,759  IxM. 
The TEA-giuconate soludon was used in the central pool and the Cs-glutamate  solution with 20 mM EGTA plus 
1.76 mM Ca and 0.63 mM phenol red was used in the end pools. 
from inactivation had  occurred after the prepulse. These values should be com- 
pared with the corresponding 5-ms values of the curves that were fitted in the ac- 
tion-potential experiments, columns 3  and  7  in Table III. For j~/)],  these values 
were 0.295 (SEM, 0.050) in the voltage-clamp experiments (column 2 in Table IV) 
and 0.274  (SEM, 0.029)  in the action-potential experiments  (column  3  in Table 
III);  the  difference is  not  significant.  For p2/Pl,  these  values were  0.389  (SEM, JONG ST AL.  Ca Inactivation of Ca Release in Muscle  353 
0.055) in the voltage-clamp experiments (column 5 in Table IV) and 0.328 (SEM, 
0.052) in the action-potential experiments (column 7 in Table III); this difference 
is also not significant. 
In the voltage-clamp experiments, the mean value of the time constant for the re- 
covery ofj~/j'i, 43.0 ms (SEM, 3.5 ms; column 4 in Table IV), is not significantly dif- 
ferent from that for P2/Pl, 48.6 ms  (SEM, 5.1 ms; column 7 in Table IV). Both val- 
ues are significantly larger than  the corresponding values in the action-potential 
experiments, 27.2 ms  (SEM, 1.0 ms) for fJf  (column 5 in Table III) and 27.4 ms 
(SEM, 2.1 ms) for P2/Pl  (column 9 in Table III). The reason for this difference is 
not known but may be related to the presence of different univalent cations in the 
internal  solutions  in  the  action-potential  (K  +)  and  voltage-clamp  (Cs +)  experi- 
ments (Table II). 
The mean value of the time constant associated with PJPl in our voltage-clamp 
experiments, 48.6 ms, is smaller than the mean value obtained by Schneider and Si- 
mon  (1988)  in voltage-clamp experiments on  cut fibers equilibrated with  a  Cs- 
glutamate solution that contained only 0.1 mM EGTA, 90 ms (SEM, 10 ms). These 
authors, however, considered 90 ms to represent an upper limit of the actual value 
of the  time constant for Ca dissociation from its putative receptor, because free 
[Ca] was elevated during the early part of the recovery period in their experiments. 
In addition,  their time constants would be expected to be somewhat larger than 
ours because  their experiments were carried out at 6-10~  whereas  the  experi- 
ments in Table IV were carried out at 14~ 
The main conclusion from these experiments is that, in a fiber equilibrated with 
20 mM EGTA and  1.76 mM Ca, a substantial amount of Ca inactivation of Ca re- 
lease appears to develop after a brief voltage-clamp pulse to -20 mV (Fig. 3 and Ta- 
ble IV, columns 1-7), similar to the inactivation that develops after an action poten- 
tial (Fig. 2 and Table III). 
Both the Amplitude and Time Course of SR Ca Release  Are Affected by 
Ca Inactivation of Ca Release 
Additional information about recovery from Ca inactivation of Ca release can be 
obtained by increasing the duration of the test pulse so that the entire time course 
of dA[Cax]/dt can be resolved, as was done by Schneider and Simon (1988). Fig. 4 
A shows traces from an experiment in which a  12-ms prepulse to -20 mV was fol- 
lowed by a  20 ms repolarization to -90  mV and then a  250-ms test pulse to -20 
mV; the solutions are the same as those used in the experiments in Fig. 3 and Table 
IV. The top trace shows voltage and the next three traces show, in order, A[CaT], 
dA [CAT]/dt, and A [Ca]. The A [CAT] trace shows that the prepulse released 450 ~M 
Ca from the SR into the myoplasm. During the period of repolarization, after SR 
Ca release had stopped, the A [CAT] signal was constant. This constancy is similar to 
that observed after the first stimulations in Figs. 2 A and 3 A and is attributed to the 
slow rate with which Ca dissociates from CaEGTA and returns to the SR. During 
the test pulse, A[CaT] increased to a final level of 2,299 ~M. This value is taken to 
be equal to [CasR]R. 
In  this  experiment,  the  duration  of the prepulse was  sufficiently long for the 
dA[CaT]/dt signal to reach a peak value, 2.89 %/ms, during the pulse and to show 354  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
a  partial  decline  before repolarization.  The signal had a  smaller peak during the 
test pulse, 2.08 %/ms, consistent with the development of Ca inactivation of Ca re- 
lease during the prepulse and incomplete recovery during the period of repolariza- 
tion. The quasi-steady value of the test pulse signal, after the peak, was 1.46 %/ms. 
The final  portion  of the  signal  has  not been  plotted  because  of the  noise  intro- 
duced by the correction for SR Ca depletion. 
The quasi-steady to peak ratio of dA[CaT]/dt in Fig. 4  A can be estimated from 
the quasi-steady level during the test pulse and the peak value during the prepulse, 
A  B 
~[  .C.t 
&[Ca  T] 
I  I 
0  (ms)  100 
~/r  ~  : 
o~  ~  dA[CaT]/dt 
cq 
=r~_  A[ca!_ . 
 L_/Ld"  ................. 
I  I 
0  (ms)  100 
FIGURE 4.  Ca signals recorded during a two pulse voltage-clamp experiment, with a long test pulse. 
The pulse protocol was a 12-ms prepulse to -20 mV, a 20 (A) or 150 (B) ms repolarization to -90 
mV, and a 250-ms test pulse to -20 mV. The traces in each panel show, from top to bottom, voltage, 
A  [CAT], dA[CaT]/dt, and A[Ca]. In B, a section of each trace has been deleted between the two ver- 
tical wavy lines. Fiber reference, N25911; sarcomere spacing, 3.4 p~m; temperature, 14~  interval of 
time between data points, 0.24 ms. The two illustrated  trials were taken from an experiment with the 
following range of  values: time after saponin treatment of the end pool segments,  122-172 minutes; 
fiber diameter, 86--88 p.m; holding current, -26 nA; concentration of phenol red at the optical site, 
1.315-1.546  mM; estimated pHR and free [Ca]R, 6.820--6.823 and 0.082 o.M, respectively; [CasR]R, 
2,566--2,129 p.M. The TEA-gluconate solution was used in the central pool and the Cs-glutamate so- 
lution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red was used in the end pools. 
1.463/2.888  =  0.507. This ratio was determined in 10 other runs in this fiber. The 
mean value from all 11 runs was 0.518 (SEM, 0.003). This value is somewhat smaller 
than, but not significantly different from, the mean values obtained with single de- 
polarizations  in  other fibers  that had  also been  equilibrated  with  20 mM EGTA: 
0.60  (SEM, 0.04; two fibers)  for a  step depolarization  to 60 mV with the TEA-glu- 
conate external solution  (Pape et al.,  1995)  and 0.60  (SEM, 0.06; two fibers)  for a 
step  depolarization  to  10  mV with  the  TEA-methanesulfonate  external  solution 
(Fig. 1 B and another fiber). JONC, ET AL.  Ca Inactivation of Ca Release in Muscle  355 
Fig. 4 B shows a similar set of traces obtained with a  150 ms period of repolariza- 
tion.  Pairs of wavy vertical lines  indicate where a  section of each trace  has been 
deleted during the recovery period. The main difference between the dA[Caa-]/dt 
signals in Fig. 4, A and B, is that the amplitude of the test signal in Fig. 4 B had re- 
covered to near its prepulse value. 
In Fig. 4 B, the time constant of the final decay of the test dA [CAT]/dt signal from 
its peak to quasi-steady value was 2.02  ms.  The mean value of the  time  constant 
from four such determinations on this fiber was 2.41  ms  (SEM, 0.27 ms). Similar 
traces were analyzed in four other fibers. The mean value of the time constant from 
all five fibers was 1.87 ms  (SEM, 0.60 ms). This value, obtained at -20 mV, is not 
significantly different from that obtained with single depolarizations to 60 mV with 
the same external solution, 3.33 ms (SEM, 0.23 ms; two fibers)  (Pape et al.,  1995), 
or  I  : .................................................................................... 
~  :::::..  dA[CaT]/dt 
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FIGURE 5.  Effect of  the duration of repolariza- 
tion on the  dA[Car]/dt signal during a  test 
pulse, from the experiment in Fig. 4. The top 
trace shows a single test voltage. The middle 
continuous curve shows d21[CaT]/dt averaged 
during four  12-ms prepulses;  the  trace  has 
been  translated so that the beginning  of the 
prepulse coincides with the beginning of the 
test pulse. The  superimposed  dotted  traces 
show d&[CaT]/dt during  the test pulses, with 
repolarization  times indicated  (in  millisec- 
onds).  The two dotted  traces at the  bottom 
show dA[CaT]/dt signals during  the prepulse 
(labeled  1)  and test pulse (2)  from the  trial 
with a 20-ms repolarization time, plotted with 
an expanded gain and time base. Trace 1 was least-squares fitted to trace 2 from the beginning of 
the trace to the time to half peak, indicated by an x~ The continuous curve shows the fit, given by 
scaling trace 1 by the factor 0.171. Additional information is given in the legend of Fig. 4. 
or from that obtained with single depolarizations to 10 mV when the external solu- 
tion was TEA-methanesulfonate, 4.93 ms (SEM, 1.20 ms; Fig. 1 B and another fiber). 
The top trace in Fig. 5 shows the voltage during the first part of the test pulse 
plotted on an expanded time scale, from the experiment illustrated in Fig. 4. The 
middle set of traces shows superimposed dA [CAT]/dt signals. The continuous trace 
shows the average of four signals during the prepulse,  shifted in time so that the 
initiation  of the prepulse  coincides with  that of the  test pulse.  The dotted traces 
show four individual test signals that were preceded by different periods of repolar- 
ization,  as  indicated  (in  milliseconds).  When  the  period  of repolarization  was 
short, the peak amplitude of the test dA[CaT]/dt  signal was smaller than that of 
the prepulse. As the period of repolarization was increased, the amplitude progres- 
sively  increased.  These  observations  about  the  recovery  of  the  amplitude  of 356  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  106  ￿9  1995 
dA[Cax]/dt are similar to those made by Schneider and Simon (1988)  in cut fibers 
in which the myoplasmic free [Ca] transient had not been attenuated by EGTA. 
The dotted middle traces in Fig. 5 also show a result that is not apparent in the 
records of Schneider and Simon (1988)  and Simon et al.  (1991): the reduction in 
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FIGURE 6.  Effect of the duration of repolarization on some of the parameters associated with the 
dA[CaT]/dt signal, from the experiment in Figs.  4-5.  Each continuous curve represents a  least- 
squares fit of a decreasing exponential function plus a constant to the data. (A) pJPl: the curve has 
initial and final values of 0.586 and 1.002, respectively; the time constant of the exponential function 
is 56.4 ms. (B) Ah/2: the curve has initial and final values of 4.43 and 0.59 ms, respectively; the time 
constant of the exponential function is 21.5 ms. (C) the ratio of the initial rising phases of the test 
and prepulse dA[CaT]/dt signals: the curve has initial and final values of -0.082 and 0.726, respec- 
tively; the time constant of the exponential function is 40.7 ms.  (D)  the ratio of the initial rising 
phases of the test and 150-ms recovery test dA [CAT]/tit signals: the curve has initial and final values 
of -0.198 and 1.015, respectively; the time constant of the exponential function is 35.4 ms. Addi- 
tional information is given in the legend of Fig. 4. JoN6 ET AL.  Ca Inactivation  of Ca Release in Muscle  357 
peak amplitude of d~[CaT]/dt was associated with a delay in the time to half peak 
of the signal and a corresponding increase in the time to peak. A small delay ap- 
peared to remain in the  d~[CaT]/dt signal even after a  150-ms repolarization, al- 
though  the peak amplitude of the signal  had recovered almost completely. This 
long lasting delay was a consistent finding in all of our experiments. 
The filled circles in Fig. 6 A show the values of P2/Pl from the experiment in Fig. 
5, plotted as a function of the duration of repolarization; Pl and ~  represent the 
peak values of dA [CAT]/dt, in units of percent/millisecond, elicited by the first and 
second voltage pulses, respectively. For brief periods of repolarization, the values of 
P2/pl in Fig. 6 A are larger than those in Fig. 3 C. This difference probably arises be- 
cause the long test pulse used in the experiment in Fig. 6 A allowed dA[CaT]/dt to 
reach its peak value, even after brief periods of repolarization when  the  time to 
peak was delayed. The continuous curve in Fig. 6 A shows a decreasing exponential 
function plus a constant that was least-squared fitted to the data. The initial and fi- 
nal values of the curve are 0.586 and 1.002, respectively, and the time constant of 
the exponential function is 56.4 ms; these values are given in columns 5-7 of Table 
IV in the sixth row (labeled N25911). The initial value, 0.586, is slightly larger than 
the mean value of the ratio of quasi-steady to peak d~ [CAT]/dt that was estimated 
in the same experiment, 0.518 (given above, in the discussion of Fig. 4). 
Another parameter that was used to assess the recovery of the d~ [CAT]/dt signal 
in  Fig.  5  is Ata/2,  the  difference in  the  times  to half-peak of the  test pulse  and 
prepulse d~[CaT]/dt signals, each determined with respect to the initiation of the 
depolarization. Fig. 6 B shows Ata/2 plotted as a function of the duration of repolar- 
ization. The initial and final values of the fitted exponential curve are 4.43 and 0.59 
ms, respectively. The time constant of the exponential function is 21.5 ms, which is 
only ~0.4 times that in Fig. 6 A. It is difficult to interpret this difference, however, 
because of nonlinearities that probably exist between the value of At~/2 and the ex- 
tent of Ca inactivation (see below). At 100 and 150 ms, both the data and the curve 
have values of 0.5-0.6  ms, suggesting  that recovery has  a  slow as well as a  rapid 
phase and that complete recovery requires a period of repolarization that is longer 
than 0.2 s. 
This was the only experiment in which both the prepulse and test pulse were suf- 
ficiently long for the  peak value  of dZk[CaT]/dt  to  be  determined  during  both 
pulses. Consequently, this was the only experiment in which the time to half peak 
of the signal could be determined during both pulses so that a value of Atl/2 could 
be obtained.  Similar test-pulse delays were consistently observed in our other ex- 
periments, however, although reliable estimates of Atl/2 could not be made. 
A BriefPrepulse  Inactivates Almost All of the Ability of the SR to Release Ca 
The d~[CaT]/dt traces in Fig. 5 were also analyzed in terms of their initial rising 
phases. Let rdenote the fraction of the SR Ca release mechanism that is in the non- 
inactivated state just before a prepulse. (1  -  r), then, is the fraction that is in the in- 
activated state. Let yR (t) and y1  (t) represent the time courses of the rate of SR Ca re- 
lease that would be observed during depolarization with the initial condition r =  1 
and 0, respectively. An example ofyR(t) and yI(t), based on the model of Ca inacti- 
vation of Ca release proposed by Schneider and Simon (1988), is shown in Fig. 12, 358  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
in which yR(t)  and yi(t)  are represented by the f(t)  traces labeled  1 and O, respec- 
tively. 
To a first approximation, for any value of r between 0 and  1, the time course of 
dA[CaT]/dt after a depolarization is expected to be given by 
dA [CaT]/dt  =  (rY) R(t)  +  (1  -- r)yt(t )  .  (1) 
This equation relies on the assumption that yR(t) and yi(t) are uniquely determined 
waveforms that are  independent  of r.  It seems likely that this  assumption  might 
hold during the first few milliseconds  of a  depolarization, when SR Ca release is 
just beginning. At later times, however, the assumption may fail because the time 
course of SR Ca release and, thus, its effect on Ca inactivation of release may vary 
according to the value of r. 
Traces  1 and  2  at the  bottom of Fig.  5  show dA[CaT]/dt  signals  that were oly 
mined, respectively, during a prepulse and during a test pulse after a 20-ms period 
of repolarization;  trace  1  has  been  shifted  in  time  so  that  the  initiation  of the 
prepulse coincides with that of the test pulse. The amplitude and time scale are dif- 
ferent from those used for the  middle  traces.  Trace  1 was scaled  to give a  least- 
squares fit to trace 2 during the interval from the beginning of the trace to its half 
peak, marked by an x. The continuous curve shows the fit, determined by a scaling 
factor of 0.171. 
Let rv and rT denote  the values of r just before the prepulse and test pulse, re- 
spectively. If yi(t)  ~- 0 during the period used for the fit, it follows from Eq.  1 that 
rT/rp is equal to the scaling factor 0.171.  If the assumption that yx(t)  ~-- 0 does not 
hold, and yi(t)  >  0 during part of this period, the value of rT/re would be expected 
to be <0.171.  Effects of the inequality yi(t)  >  0  can be seen in the model calcula- 
tions in Fig.  12,  in which  the initial part of the f(t)  trace labeled 0  (which  corre- 
sponds to the yi(t) trace) is fitted by 0.103 times the f(t) trace labeled 1 (which cor- 
responds to the yR(t)  trace). Thus, in general, the scaling factor 0.171  implies that, 
at the beginning of pulse 2, at most, 0.171  of the SR Ca release mechanism was in 
the same state that it was in at the beginning of pulse 1. Consequently, at least 0.829 
of the release mechanism that was in the resting state before the prepulse had been 
altered, presumably inactivated, by the prepulse and had failed to recover during 
the 20-ms period of repolarization that separated the prepulse and test pulse. 
One advantage of the use of scaling factors to describe the effect of a prepulse on 
the time course of d~[CaT]/dt  is that the values of the scaling factor and of rT/rp 
are expected to be related in an approximately linear manner. Consequently, dur- 
ing recovery, if the value of rT increases along an exponential time course, the scal- 
ing factor is expected to increase according to the same exponential function. This 
is not the  case when  the effect of a  prepulse is analyzed in terms of Atilt,  as was 
done in Fig. 6 B, or in terms of some other temporal parameter such as the latency 
of d~ [CAT]  / dt (not shown). The reason is that the value of such a temporal param- 
eter is not related in a linear way to rT. 
Fig. 6  C shows the scaling factors that were obtained with the fitting procedure il- 
lustrated at the bottom of Fig. 5, plotted as a function of the duration of repolariza- 
fion. The initial  and  final values of the  fitted exponential  curve are  -0.082  and JONG ET AL.  Ca Inactivation of Ca Release in Muscle  359 
0.726, respectively, and the time constant of the exponential function is 40.7 ms; 
these  values  are  given  in  columns  8--10  of Table  IV  in  the  sixth  row  (labeled 
N25911). 
The results in Fig.  6  C and Table IV show three features of interest. Firstly, al- 
though the curve in Fig. 6 C may not be very accurate because of noise in the data, 
the initial value -0.082 suggests that most of the ability of the SR to release Ca had 
been inactivated by the brief depolarizing prepulse. The mean initial value from 
five experiments is 0.093 (column 8 in Table IV). If the extrapolation of the expo- 
nential recovery curve to zero time is valid, this value indicates that, on average, at 
least 0.907 (= 1 -  0.093) of the ability of the SR to release Ca had been inactivated 
by the prepulse. 
Secondly, the time constants of the recovery of Pz/Pa and of the the ratio of the 
rising phases are similar. In Fig. 6 A, the time constant of the exponential function 
is 56.4 ms whereas, in Fig. 6 C, it is 40.7 ms. Although these values are somewhat dif- 
ferent from each other, the mean values from the five fibers in Table IV are not sig- 
nificantly different: the time constants of the recovery of P2/Pa and of the the ratio 
of the rising phases are 48.6 ms  (SEM, 5.1  ms; column 7)  and 47.6 ms  (SEM, 3.7 
ms;  column  10),  respectively. This similarity is  consistent with  the  idea  that  the 
same inactivation mechanism is responsible for both the reduction in amplitude of 
the d~ [CAT]  /dt signal and the delay in its time to half-peak. By analogy with the re- 
suits of Schneider and Simon (1988), this mechanism is expected to be Ca inactiva- 
tion of Ca release. 
Thirdly, the final level of the curve in Fig. 6 C, 0.726, and the mean final level in 
column 9  of Table IV, 0.801,  are less  than  unity, suggesting again  that recovery 
from the effects of a brief prepulse has both a rapid and a slow phase and that com- 
plete recovery requires a  repolarization longer than 0.2 s. It seems likely that the 
underlying mechanism is the same as that of the long lasting increase in At1/2 that 
was observed in Fig. 6 B. It is not known whether the slowly recovering component 
of inactivation is due to Ca inactivation of Ca release or to some other process (see 
Discussion). 
To assess the effect of the rapidly recovering component of Ca inactivation of Ca 
release on the d~[CaT]/dt signal, the scaling procedure illustrated at the bottom of 
Fig. 5 was repeated with the 150-ms test d~[CaT]/dt signal instead of the prepulse 
d~ [CAT]  / dt signal (not shown). Fig. 6 D shows the scaling factors, plotted and fitted 
in a  manner similar to that shown in Fig. 6  C. The initial and final values of the 
curve are -0.198 and 1.015, respectively, and the value of the time constant of the 
exponential function is 35.4 ms. These values are given in columns 11-13 of Table 
IV in the sixth row (labeled N25911). The results in Fig. 6 D and columns 11-13 of 
Table IV are similar to those in Fig. 6 C and columns 8-10 of Table IV except that 
the steady state values are near unity. The mean initial value of 0.126, given in col- 
umn 11 in Table IV, indicates that, on average, at least 0.874 (-  1 -  0.126) of the 
ability of the SR to release Ca had been affected by the rapidly recovering compo- 
nent of Ca inactivation of Ca release immediately after the prepulse. 
Another fiber  (N26911)  was also studied with the combination of a  short pre- 
pulse and long test pulse separated by a variable period of repolarization. Exponen- 
tial time courses were fitted to recovery data such as those shown in Fig. 6, A, C, and 360  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
D;, the values of the fitted parameters are given in the seventh row of columns 5-13 
of Table IV. In this experiment, the duration of the prepulse was too short for the 
d~[CaT]/dt signal to reach a peak. Consequently, the values of Atl/2  could not be 
determined and both the initial and final values of the fitted curve through the P2/ 
pl data (columns 5 and 6 in Table IV) were unusually large. 
The main conclusion of this section is that a  10-15-ms prepulse to -20 mV ap- 
pears to inactivate most of the ability of the SR to release Ca. If the extrapolation of 
the exponential recovery curve to zero time is valid (Fig. 6, C and D), the fractional 
inactivation is at least 0.9. It will be shown in the Discussion that such a large frac- 
tional inactivation is consistent with the large relative difference between the time 
constants associated with the decay of the d~ [CAT]  / dt signal to its quasi-steady level, 
N2-4 ms, and with the recovery from inactivation, ~50 ms in the voltage-clamp ex- 
periments reported in this article. 
An Action Potential Also Appears to Inactivate Almost All of the Ability of the SR to 
Release Ca 
The d~ [CAT]/dt signals in the action-potential experiments in Table III were also 
examined for any decreases in the initial rising phase elicited by the second action 
potential. The plots of scaling factor against interval between stimuli  (not shown) 
were noisy but consistently showed changes that were qualitatively similar to those 
illustrated  in Fig.  6  C. The mean value of the fitted exponential curves at 5  ms, 
0.086 (SEM, 0.081), is similar to, and not significantly different from, the compara- 
ble mean value in column 8 in Table IV, 0.093 (SEM, 0.041). The mean final value 
of the fitted curves, 0.744 (SEM, 0.068), is also similar to, and not significantly dif- 
ferent from, the mean final value in column 9 in Table IV, 0.801  (SEM, 0.009). The 
mean time constant of the exponential functions in the fit was 29.3 ms  (SEM, 4.4 
ms); this value is not significantly different from those in columns 5 and 9 of Table 
III, 27.2 and 27.4 ms, respectively, but is significantly smaller than the analogous 
time constant observed in the voltage-clamp experiments, 47.6 ms  (column 10 of 
Table IV). Thus, within the resolution of the data, the decrease in the initial rising 
phase of the dA[CaT]/dt signal in the action-potential experiments was as marked 
as that in the voltage-clamp experiments. 
Intramembranous  Charge Movement Is Little Affected by Ca Inactivation 
of Ca Release 
Simon  et  al.  (1991)  found  that  Ca  inactivation  of Ca  release,  produced  by  a 
prepulse, was not associated with a reduction in the amount of intramembranous 
charge that moved during a test pulse. Because our results show that a prepulse is 
also able to delay the time to half peak of SR Ca release, it seemed important to 
find out whether the time to half peak of intramembranous charge movement is 
delayed. 
Fig. 7 shows traces from the same fiber used for the experiment in Fig. 4. In this 
run, however, the prepulse and test pulse had not only the same amplitude,  -20 
mV, but also the same duration, 12 ms; the repolarization interval was 20 ms. The JoNG ET AL.  Ca Inactivation of Ca Release in Muscle  361 
top trace shows the voltage. The next two traces show the current from intramem- 
branous charge movement, Icm, and its running integral, Q~m, which represents the 
cumulative amount of charge that had moved. The bottom trace shows dA[Caw]/ 
dt. 
Fig.  8 A shows the same traces as Fig.  7 except that the prepulse responses  (la- 
beled 1) have been shifted 32 ms along the time axis so that they can be compared 
directly with the test pulse responses  (labeled 2). The two voltage traces are essen- 
tially identical,  as expected. The two traces of Icm, second row, are similar except 
(a) just before the test pulse, trace 2 was below trace 1 (because trace 2 was still re- 
turning to baseline)  and  (b) 2-7 ms after the depolarization  (i.e., the interval dur- 
ing the pulse just below the numeral 1), trace I was slightly above trace 2. Such dif- 
ferences are less marked in  the  traces of Qcm  (third  row), which  nearly coincide 
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FIGURE  7.  Intlxmembranous  charge  move- 
ment  (Icm) and  dA[CaT]/dt  during  a  brief 
prepulse and test pulse. The prepulse and test 
pulse were 12 ms depolarizations  to -20 mV, 
separated by a  20-ms repolarization  to  -90 
mV. The traces, from top to bottom, show volt- 
age, /~m, Q~m, and dA[Cax]/dt,  Same fiber as 
used for Figs. 4--6. Time after saponin treat- 
ment of the end pool segments, 110 min; fiber 
diameter,  85  g,m; holding current,  -25 nA; 
concentration of phenol red at the optical site, 
1.242  mM;  estimated  pHR and  free  [Ca]R, 
6.836  and  0.077 ~M,  respectively;  [Casals, 
2,647  g,M; interval  of  time  between  data 
points,  0.24  ms.  Additional  information  is 
given in the legend of Fig. 4. 
The bottom traces in Fig. 8 A show dA[Cav]/dt. Trace 2 is clearly different from 
trace 1: its time to half peak is delayed and its amplitude is reduced. Because these 
differences are much more marked than  the  relatively small differences in Icm or 
Q~m, it seems unlikely that the changes in the dA [Caw]/dt signal are due to changes 
in  activation  mediated  by intramembranous  charge  movement.  This  conclusion 
also applies to Q~m raised to the fourth power (not shown), which may be related to 
dA[Cav]/dt more  directly  than  Q~m  raised  to  the  first  power  (Simon  and  Hill, 
1992). 
Fig. 8 B shows a similar set of traces with a  150-ms repolarization interval. In this 
case,  the  /cm and  Qcm traces were essentially identical whereas the test cl~[Caw]/dt 
trace (labeled 2) was delayed ~'-,0.5 ms with respect to the prepulse trace (labeled 1), 
similar to the delay between the prepulse trace and the trace labeled 150 in Fig. 5. 
Two main conclusions follow from the experiment in Figs. 7 and 8 and other sim- 
ilar experiments. The first is that the delay in the time to half peak of d~[Car]/dt 362 
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FIGURE 8.  Comparison of the time course ofintramembranous charge movement and d~[Cav]/dt 
during a brief prepulse (labeled  1) and test pulse (2) separated by a period of repolarization of 20 
ms (A) and 150 ms (B). (A) The four pairs of traces are taken from Fig. 7 and are plotted on an ex- 
panded time scale in the same order from top to bottom. Each pair shows the signal during the 
prepulse superimposed with that during the test pulse; the prepulse signal has been translated along 
the time axis by an amount equal to the combined duration of the prepulse and repolarization inter- 
val. Additional information is given in the legends to Fig. 4 and 7. (B) Similar to A except that the 
traces were taken 9 min later with a repolarization interval of 150 ms. Time after saponin treatment 
of the end pool segments,  119 rain; fiber diameter, 86 p~m; holding current, -26 nA; concentration 
of phenol red at the optical site, 1.301 mM; estimated pHR and free [Ca]R, 6.836 and 0.077 I~M, re- 
spectively; [CasR]R, 2,599 p~M, The other information is the same as that for Fig. 7. 
produced by prepulse inactivation is not accompanied by any substantial change in 
charge movement; consequently, it seems likely that the delay is due to changes in 
the  regulation  of SR Ca  release  that occur after intramembranous  charge  move- 
ment. Secondly, if the activation of SR Ca release  is to be explained  quantitatively 
in terms of intramembranous  charge movement, as has been attempted in several 
studies  (Rakowski,  Best,  and James-Kracke,  1985;  Melzer,  Schneider,  Simon  and 
Szfics, 1986; Simon and Schneider,  1988; Simon and Hill,  1992), it is important to 
allow for the effects exerted by Ca inactivation of Ca release on both the amplitude 
and the time course of the rate of release. 
Ca Inactivation of Ca Release Is Not Prevented by Large Concentrations (6--8 mM) 
of  Fura-2 
Because fura-2 is able to bind Ca much more rapidly than EGTA, it would be ex- 
pected  to  be  more  effective  in  reducing  free  [Ca]  during  release  and,  conse- 
quently, more effective in reducing the development of Ca inactivation. According 
to Eq. A10 in Pape et al.  (1995), spatially averaged A[Ca] in the EGTA experiments 
is approximately equal to (kl [EGTA]R)-1 times the rate of SR Ca release; kl repre- JONG ET AL.  Ca Inactivation of Ca Release in Muscle  363 
sents the association rate constant for Ca and EGTA. Appendices B and D  in Pape 
et al.  (1995)  show that the same factor,  (kl[EGTA]R) -1, determines  the  ability of 
EGTA to reduce local increases in free [Ca] near SR release sites. Because a similar 
factor,  (k2[fura-2]R)-1, is expected to apply to experiments in which an excess con- 
centration of fura-2 is used, spatially averaged A[Ca] and local A[Ca] should be re- 
duced to the same extent by EGTA and fura-2 if kl [EGTA]R =  k~[fura-2]R; k2 repre- 
sents the association rate constant for Ca and fura-2. With kl  =  2.5  ￿  106 M-Is  -1, 
[EGTA]R =  18.24 mM  (Pape et al.,  1995),  and  k~  =  0.7  ￿  l0  s M-is -1  (the value 
measured with 2 mM fura-2, Pape et al.,  1993), it follows that 0.65 mM fura-2 is ex- 
pected to reduce A[Ca]  (both the spatially averaged A[Ca] signal and local h[Ca] ) 
to the same extent as 18.24 mM EGTA (20 mM total EGTA with  1.76 mM Ca), at 
least if only small amounts of Ca are released from the SR. Since concentrations of 
fura-2 as large as 8 mM were used in some of our previous experiments  (Pape et al., 
1993; Jong et al.,  1993), it was of interest to find out whether such large concentra- 
tions of fura-2 could prevent some of the effects attributed  to Ca inactivation of Ca 
release  that are  observed with  20 mM EGTA.  In the  interpretation  of the  results 
presented  in this section, it is important to bear in mind that fura-2, at large con- 
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FIGURE 9.  Effect of [fura-2]R onJi (A) and ~  (B) in action-potential stimulated fibers. The open 
symbols show values obtained from four fibers exposed to the K-glutamate solution with 8 mM fura-2 
plus 0-2 mM Ca. The filled symbols show the mean values (with -+SEM bars) from 12 fibers equili- 
brated with K-glutamate with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red (from Pape 
et al., 1995); the value of the abscissa is 0.65 mM, which represents the concentration of  fura-2 that is 
expected to be comparable to 18.24 mM EGTA in its ability to reduce myoplasmic free A[Ca]. 
Ringer's solution was used in the central pool in all experiments. In the 12 EGTA-phenol red exper- 
iments,  the mean values wereJi = 0.144 (SEM, 0.004) and Pl = 5.25 %/ms (SEM, 0.26 %/ms). Ad- 
ditional information about the EGTA-phenol red experiments is given in the legend of Table II in 
Pape et al.  (1995).  Additional information about the fura-2  experiments is given  in Pape et al. 
(1993) under fiber reference 615921 (open circlt), 616921 (open square), 618922 (open d/amond), and 
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centrations, might have some pharmacological action that is unrelated to its ability 
to complex Ca. 
The open symbols in Fig. 9  A show the values of Ji from action-potential experi- 
ments in four fibers, plotted as a  function of [fura-2]R. The filled circle shows the 
mean value of)] (+SEM)  in 12 fibers equilibrated with 20 mM EGTA plus 1.76 mM 
Ca  (from Pape  et al., 1995);  it is plotted at 0.65  mM  "fura-2" on the  abscissa, be- 
cause this concentration of furao2 is expected to reduce free A [Ca]  to the same ex- 
tent  as equilibration with  20  mM  EGTA plus  1.76  mM  Ca  (see  preceding  para- 
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FIGURE 10.  Effect of [fura-2]R onfJf (A) and P2/pl (B) elicited by two action potentials separated 
by 20 ms. The open symbols show values obtained from the same fibers used in Fig. 9 with the stimu- 
lation protocol illustrated in Fig. 2 in Pape et al. (1993). A single action potential was followed by a 
recovery period of 150 ms and then a 50 Hz train of action potentials. The values off and Pl shown 
in Fig. 9 were taken from the first action potential. The values of)~/Ji and P2/Pl in this figure were 
taken from the first two action potentials of the train; the value of [fura-2]R represents the value of 
[fura-2]  before the train. The mean values of the 35 open symbols are 0.638  (SEM, 0.010)  for j~/Jj 
and 0.750  (SEM, 0.015)  for pJpl. The filled symbols show the values obtained from the four fibers 
equilibrated with K-glutamate with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red that 
were used for Table III: fiber reference 425911 (]i/led circle), 923911  (fi//ed square), 925911  (fi/led d/a- 
mond), and 010911  (fiRed tr/ang/e). In each panel, the continuous straight line was least-squares fit- 
ted to the open symbols. The slope of the line is 0.0002 mM  -i in A and 0.0131 mM  -1 in B. According 
to the test described in the Methods of Pape et al. (1995),  neither slope is significantly different 
from zero. Additional information is given in the text and in the legend of Fig. 9. 
graph). The value of the filled circle, 0.144  (SEM, 0.004), is similar to the values of 
Ji obtained with ~<3 mM fura-2. At concentrations of fura-2 above 4  mM, the value 
of j'i  progressively decreased.  This  decrease  has  been  described  by  Pape  et  al. 
(1993), who attributed it to either a  reduction in Ca-induced Ca release or a phar- 
macological effect associated with a large concentration of fura-2. 
The open symbols in Fig. 9  B show values of pl from the same experiments used JoNo ST AL.  Ca Inactivation of Ca Release in Muscle  365 
Fig. 9 A. The filled circle shows the mean value of pl (-SEM) in the 12 fibers equil- 
ibrated with 20 mM EGTA plus 1.76 mM Ca (from Pape et al., 1995). Its value, 5.25 
%/ms (SEM, 0.26 %/ms), lies at the lower range of the other values in Fig. 9 B ob- 
tained with ~<3 mM fura-2. The progressive decrease in Pa above 4 mM fura-2 is sim- 
ilar to that shown forJi in A, consistent with the idea that the decrease in]] was due 
to a decrease in Pl. 
In the action-potential experiments in Fig. 9, the values off  (A)  and pl  (B)  ob- 
tained with ~<3 mM fura-2 may be slightly larger than those expected with 0 mM 
fura-2. According to Pape et al.  (1993), 0.5-2 mM fura-2 increases the values of  j5 
and pl by N20%. In voltage-clamped fibers from the same species of frog (Rana tem- 
poraria), the same concentration of fura-2 was found to increase the peak rate of SR 
Ca release by a somewhat larger amount, N56%  (Table I inJong et al., 1993). 
Fig. 10 A shows values of)~/]] that were elicited by two action potentials separated 
by 20 ms, plotted as a function of [fura-2]R. The open symbols are from the same 
fura-2 containing fibers that were used for Fig. 9; their mean value is 0.638  (SEM, 
0.010), which is significantly different from unity. The filled symbols are from four 
other fibers that had been equilibrated with 20 mM EGTA and 1.76 mM Ca and 
were used for Table III; their mean value, 0.570 (SEM, 0.013), is significantly differ- 
ent from the mean value of the open symbols. The sloping straight line was least- 
squares fitted to the open symbols. According to the test described in the Methods 
section of Pape et al. (1995), the value of its slope, 0.0002 mM  -1, is not significantly 
different from zero. 
Fig. 10 B is similar to Fig. 10 A except that PJPa is plotted instead ofj~/Ji. The 
mean value of the open symbols, 0.750 (SEM, 0.015), is significantly different from 
unity and from the mean value of the filled symbols, 0.603 (SEM, 0.021). The slope 
of the fitted line, 0.0131 mM  -1, is not significantly different from zero. 
Fig. 11 shows values of the quasi-steady to peak ratio of d~[Car]/dt obtained in 
voltage clamp experiments with step depolarizations to 10 mV, plotted as a func- 
tion of [fura-2]l~.  In the four fibers represented by open symbols,  [Ca]  transients 
were first measured with PDAA at [fura-2]~ = 0 mM; the mean value of the ratio 
data is 0.232 (SEM, 0.016). Then, fura-2 was added to the end-pool solutions and al- 
lowed to diffuse into the fiber (long et al., 1993). The mean value of the ratio data 
for [fura-2]R t> 3.9 mM, 0.841  (SEM, 0.015), is significantly different from the value 
for 0 mM [fura-2]R, 0.232, and from unity. The straight line was least-squares fitted 
to the open symbols for [fura-2]a t> 3.9 mM. Its slope, -0.018 mM  -1, is not signifi- 
candy different from zero. 
The cross and x at 0.65 mM "fura-2" show values of the quasi-steady to peak ratio 
of dA[Car]/dt obtained from two other fibers that were equilibrated with 20 mM 
EGTA plus 1.76 mM Ca and studied with the same external solution and voltage 
step that was used for the fura-2 experiments; the x is from the fiber in Fig. 1 B. The 
mean value, 0.597  (SEM,  0.060),  is significantly different from the values given 
above for 0 and t>3.9 mM [fura-2]R. 
Figs. 1, 10, and 11 and other results provide information about the ability of dif- 
ferent concentrations of Ca buffers to reduce Ca inactivation of Ca release. Two 
main conclusions follow from these results. Firstly, equilibration with 20 mM EGTA 
increases the quasi-steady rate of SR Ca release (Fig. 1) and the quasi-steady to peak 366  THE JOURNAL OF  GENERAL PHYSIOLOGY  "  VOLUME 106  ￿9 1995 
ratio of release  (Fig. 11) severalfold. The increase in the quasi-steady rate of release 
is  similar  to that observed with  2-3 mM fura-2  (Table  IIIA in Jong et al.,  1993). 
Since equilibration with 20 mM EGTA is expected to reduce myoplasmic free [Ca] 
to the same extent as 0.65 mM fura-2, at least for small amounts of SR Ca release, 
the results with fura-2 and EGTA are consistent with each other. They suggest that 
the Ca buffering power of 0.65--3 mM fura-2 reduces the effect of Ca inactivation of 
Ca release severalfold. 
Secondly, although  large  concentrations  of fura-2,  2-6 mM in Fig.  10 and  4--8 
mM in Fig. 11, are more effective than 20 mM EGTA in reducing Ca inactivation of 
Ca release,  they are unable  to completely eliminate  it.  Thus, in Fig.  10, A  and B, 
and Fig.  11  B, the  mean values of the open symbols are  all significandy less than 
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FIGURE 11.  The  effect of  [fura-2]g  on  the 
quasi-steady to peak ratio of dA[CaT]/dt dur- 
ing a step depolarization to 10 inV. The TEA- 
methanesulfonate  solution  was  used  in  the 
central pool. The end pool solution was Cs- 
glutamate with  ,'~3 mM PDAA (open symb0/s, 
[fura-2]g =  0 raM), Cs-glutamate with 20 mM 
EGTA plus 1.76 mM Ca and 0.63 mM phenol 
red (cross and x at [fura-2]rt  =  0.65 raM), or 
Cs-glutamate with PDAA and 8 mM fura-2 plus 
0-2 mM Ca (open symbo/s, [fura-2]R > 3.9 raM). 
,  ,  ,  The mean values were 0.232 (SEM, 0.016) with 
o.o  2.0  4.o  61o  s.o  [fura-2]R  =  0  raM,  0.597  (SEM, 0.060)  for 
[fura-2lR (raM)  [fura-2]R = 0.65 mM, and 0.841  (SEM, 0.015) 
with  [fura-2]R >  3.9 raM. The straight line represents a least-squares  fit to the open symbols for 
[fura-2]R >  3.9 mM; its slope,  -0.018 mM  -a, is not significantly different from zero. Fiber refer- 
ences:  x, 314921; cross (mean of four measurements),  316921; d/amond, 325921; tr/ang/e, 616922; 
square, 617921; circle, 618921. Fiber 316921: time after saponin treatment of the end pool segments, 
84-114 min; sarcomere spacing, 3.7 Ixm; fiber diameter, 121-120 p,m; holding current, -33 to -35 
nA; temperature, 14~  concentration of phenol red at the optical site, 1.174-1.569 mM; estimated 
pHR and free [Ca]R, 6.937-6.910  and 0.048-0.055  $zM, respectively; [CasR]R, 2,483--2,180 p,M. Addi- 
tional information for fiber 314921 is given in the legend of  Fig. 1. Additional information for fibers 
325921, 616922, 617921, and 618921 is given inJong et al. (1993). 
unity and the slopes of the fitted lines are all not significantly different from zero. 
The simplest interpretation of these results is that concentrations of fura-2 as large as 
6--8 mM are unable to completely eliminate Ca inactivation of Ca release, whether 
it is elicited by an action potential or by a step depolarization to 10 mV. Another in- 
terpretation  of these results,  however, which cannot be ruled out, is that 6-8 mM 
fura-2 completely eliminates  Ca inactivation of Ca release  and that the remaining 
inactivation is Ca independent. 
DISCUSSION 
This article describes experiments on Ca inactivation of Ca release in cut muscle fi- 
bers activated by either an action potential  or a  depolarizing voltage pulse. EGTA JONG ET AL.  Ca Inactivation of Ca Release in Muscle  367 
(plus phenol red) or fura-2 was added to the end-pool solutions in relatively large 
concentrations so that SR Ca release could be monitored in a  direct fashion. In 
spite of the ability of EGTA and fura-2 to reduce the amplitudes of the spatially av- 
eraged myoplasmic free [Ca]  transient and of the local increase in free [Ca] near 
the SR release sites, substantial amounts of inactivation were still able to develop. 
Most of our observations concerning this inactivation were obtained from measure- 
ments of the rate of SR Ca release, dA[CaT]/dt (corrected for SR Ca depletion), in 
fibers equilibrated with 20 mM EGTA and depolarized to -20  mV. The main re- 
suits from these studies are: 
(a)  During a  step depolarization to -20 mV, dA[Car]/dt reached a peak value 
within 5-15 ms and then rapidly decayed to a quasi-steady level that was about half 
the peak value; the time constant of the final decrease of the signal was usually ~2 
ms at  -20  mV  (Fig.  4  and  text), corresponding to an apparent rate constant of 
~500 s -1. The quasi-steady value of dA[CaT]/dt in fibers equilibrated with 20 mM 
EGTA was substantially larger than that in fibers with unmodified [Ca]  transients: 
about six times larger if SR Ca release is estimated without consideration of SR Ca 
pump activity and about four times larger if release is estimated with pump activity 
(Fig. 1 A and associated text). 
(b) Immediately after an action potential or a 10-15 ms prepulse to -20 mV, the 
peak value of d~ [CAT]/dt elicited by a second stimulation, as well as the fractional 
value of A [CAT], were substantially decreased (Figs. 2 and 3; Tables III and IV). In 
addition, the time course of the second dA [CAT]/dt signal was changed: the time to 
half peak of the signal was increased and the initial rising phase was decreased (Fig. 
5). The decrease of the rising phase suggests that at least 0.9 of the SR Ca release 
sites  were  inactivated by the  prepulse  (columns  8  and  11  in  Table  IV).  These 
changes  in  the  time  course  of dA[CaT]/dt were  accompanied  by  litfle,  if any, 
change in intramembranous charge movement (Fig. 8). 
(c) These effects of a prepulse on the test dA [Car]/dt signal are removed during 
a  repolarization to  -90  mV according to an exponential time course  (Figs.  2,  3, 
and 6). The value of the recovery time constant was ~25 ms in the action-potential 
experiments (columns 5 and 9 in Table III) and ~50 ms in the voltage-clamp ex- 
periments  (columns 4,  7,  10, and  13 in Table IV);  these correspond to apparent 
rate constants of ~40 and 20 s -1, respectively. 
Several Observations Are Consistent with the Idea That the Inactivation Described 
Above (Results a-c) Is Mainly Caused by Ca 
In the experiments reported in this article, all of the measurements of dA[CaT]/dt 
have been corrected for SR Ca depletion and expressed in terms of fractional rates 
or fractional amounts of release. As a result, SR Ca depletion, at least in its simplest 
form, can be ruled out as a cause of the inactivation of Ca release. 
Because most of the Ca inside the SR is expected to be bound to calsequestrin, 
the low affinity Ca buffer that is present inside  the  terminal  cisternae of the SR 
(MacLennan and Wong,  1971),  the possibility arises that the equilibration of Ca 
and calsequestrin might be slow. If so, the inactivation of Ca release during depo- 
larization might be explained by a decrease in the value of free [Ca] inside the SR, 
and recovery after release might be explained by an increase in free [Ca] produced 368  THE JOURNAL OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME 106  ￿9  1995 
by the dissociation of Ca from calsequestrin. This possibility seems unlikely for two 
reasons. Firstly, millimolar concentrations of EGTA (or fura-2), which greatly re- 
duce the myoplasmic free [Ca] transient, substantially augment both the peak and 
quasi-steady values of dA[CaT]/dt. Such augmentation is not expected if the decay 
of dA [CAT]  /dt to its quasi-steady level in fibers equilibrated with only 0.1 mM EGTA 
is due to a decrease of free [Ca] inside the SR; it is readily explained, however, by a 
reduction in Ca-inactivation of Ca release. Secondly, the reaction between Ca and 
calsequestrin appears to be rapid, with a relaxation time of <1 ms (Prieto, Donoso, 
Rodriguez, and Hidalgo, 1994). This rapid rate of equilibration should insure that, 
during SR Ca release, the value of free [Ca] inside the SR is maintained close to the 
equilibrium  value  determined  by  the  concentrations  of Ca-free  and  Ca-bound 
calsequestrin. 
It is also unlikely that changes in intramembranous charge movement underlie 
the inactivation of Ca release because little change was observed. 
Several observations are consistent with the idea that the inhibitory effects on SR 
Ca release observed in fibers equilibrated with 20 mM EGTA (described above in 
results a-c)  are mainly caused by Ca inactivation. Firstly, the reduction in ampli- 
tude of the  test dA[CaT]/dt signal  after a  prepulse is similar to that observed by 
Schneider and Simon (1988) in fibers with unmodified [Ca]  transients. These au- 
thors provided good evidence that the reduction was caused by Ca inactivation (see 
text discussion of Fig. 2). Secondly, as mentioned in the preceding paragraph, dur- 
ing a step depolarization, both the peak and quasi-steady levels of the dA [CAT]/dt 
signal are increased by equilibration with 20 mM EGTA (Fig.  1). The decrease in 
the dA[CaT]/dt signal from the peak to quasi-steady level that still remains in this 
condition, however, is qualitatively similar to that observed in fibers with unmodi- 
fied [Ca] transients (Fig. 1) and attributed to Ca inactivation of Ca release. Thirdly, 
2-8 mM fura-2, which is expected to be  3-12  times more effective than  20 mM 
EGTA in reducing increases in free [Ca], appears to be more effective than 20 mM 
EGTA in reducing the inactivation of SR Ca release (Figs. 10 and 11); it is not clear, 
however, whether this effect of fura-2 is due to its ability to buffer Ca or to some 
other, perhaps pharmacological, action. Fourthly, as is shown in the following two 
sections, results a--c are qualitatively consistent with the model of Ca inactivation of 
Ca release proposed by Schneider and Simon (1988). 
Interpretation of  Results a-c with the Model of Ca Inactivation of Ca Release 
Proposed by Schneider and Simon (1988) 
This section describes calculations that were carried out with the model of Ca inac- 
tivation of Ca release proposed by Schneider and Simon  (1988).  Results a and  c 
were used to estimate the values of three unknown parameters in the model. Calcu- 
lations were then  carried out with  these values and compared with  the findings 
listed under result b. Since the main purpose of these calculations was to find out 
whether the Schneider-Simon model could explain, qualitatively, results a-c, no at- 
tempt was made to reproduce the quantitative features of the experimental traces. 
The calculations depend on several simplifying assumptions about the properties 
of SR Ca  channels,  which were first proposed by Schneider and  Simon  (1988). 
Firstly, the SR Ca channels are assumed to function as a uniform population of a JoNG ST ^L.  Ca Inactivation of Ca Release in Muscle  369 
single type of channel. Secondly, the value off(t), the fraction of SR Ca channels 
that are open at time t, is assumed to be determined by an activation process, con- 
trolled by a voltage sensor in the transverse tubular membranes, and by an inactiva- 
tion process, controlled by a receptor that responds to the level of myoplasmic free 
[Ca].  These processes are assumed to operate independently so that f(t)  can be 
represented by the product of an activation function a(t) and an inactivation func- 
tion b(t), 
f  (t)  =  a(t)  . b(t)  .  (2) 
The value of a(t) varies from 0 to 1, with 1 corresponding to full activation. The 
value of b(0 varies from 0 to 1, with 0 corresponding to full inactivation, dA[CaT]/ 
dt (corrected for SR Ca depletion) is assumed to be proportional to f(0. 
The third general assumption is that the stoichiometry of Ca binding to the inac- 
tivation receptor is 1:1 and that there is only one receptor per channel. The fourth 
assumption is that this binding obeys the sequential, three-state model proposed by 
Schneider and Simon (1988) 
K 
Ca+R-  ￿9 
kf 
CaR  r"':'---a~ CaR*  kr 
SCHEME  I 
R represents an inactivation receptor that is able to equilibrate with free Ca very 
rapidly to form CaR; the dissociation constant for the reaction is denoted by/~ kf 
and kr represent the forward and reverse rate constants, respectively, for the transi- 
tion between CaR and CAR*. The values of/~ kf, and k~ are assumed to be constants; 
in particular, they are assumed to be independent of membrane potential and of 
the values of a(0, b(O, andf(t). According to this scheme, an SR Ca channel is able 
to pass Ca ions if the receptor is in state R or CaR but not if it is in state CAR*, the 
inactivated state. 
Melzer et al.  (1984)  and Schneider and Simon  (1988)  observed that, during a 
step  depolarization,  the  apparent  rate  constant for the  decrease in  dA[CaT]/dt 
from its peak to its quasi-steady level is independent of voltage and of the value of 
free [Ca], at least at voltages between -40 and 0 mV. Schneider and Simon (1988) 
introduced Scheme I  to explain this observation. If [Ca]  >>/~  the  CaR state is 
strongly favored over R so that almost all of the receptors are in the CaR or the 
CaR* state.  Consequently, the apparent rate constant for transitions between the 
two states approaches its upper limit,/~ +  k~, which is independent of [Ca]. In con- 
trast, the apparent rate constant for a two-state scheme does not approach an up- 
per limit but continues to increase with increasing [Ca]  (see below). 
In Scheme I, b(t) represents the fraction of channels that are in either state R or 
CaR Changes in b(t) can be calculated from 
[Ca] 
db(t)/dt  =  -kf.  [Ca]  +-------~ " b(t)  +  kr{1  -  b(t) },  (3) 370  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  .  1995 
in which  [Ca]  represents  the  concentration of Ca sensed by the  inactivation re- 
ceptor. 
For a particular value of [Ca], kapp, the apparent rate constant for transitions be- 
tween the noninactivated and inactivated states in Eq. 3, is given by 
[Ca] 
kap  p  =  kf.  [Ca]  + K +  kr  '  (4) 
and the steady state value of b is given by 
b(oo)  =  kr/kap  p  .  (5) 
(In the special case in which  [Ca]  <<  K, the fraction of receptors in the CaR 
form is much less than that in the Rform and k~pp ~  (kf/K)  [Ca]  +  k~. Under these 
conditions, Scheme I is mathematically equivalent to a two-state model in which the 
forward and reverse rate constants are given by ke/Kand k~, respectively.) 
Eq. 3 can be used to calculate the time course of inactivation of SR Ca release if 
the value of free [Ca]  next to the inactivation receptor is known. During SR Ca re- 
lease in fibers equilibrated with 20 mM EGTA, local increases in [Ca] are expected 
to occur within a few hundred nanometers of the SR Ca release sites; these are ex- 
pected to have an amplitude that varies inversely with distance from the sites and a 
time cours~ that is approximately the same as that of SR Ca release  (Pape et al., 
1995). Because the rate of release is expected to be proportional to fit), the value 
of [Ca] near the inactivation receptor can be represented by, 
[Ca]  =  [Ca]R + clf(t)  ￿9  (6) 
[Ca]R represents the resting value of myoplasmic free [Ca] and cl represents a con- 
stant whose value depends on the proximity of the inactivation receptor to the re- 
lease sites.  Eq.  6  is only approximately correct because it neglects the  effects of 
changes in the ratio [CaEGTA]/[EGTA] on [Ca]R (see Eq. A8 in Pape et al., 1995) 
and of SR Ca depletion on cl. 
Simon et al.  (1991) showed that the value of [Ca]R in their experiments, carried 
out on cut fibers equilibrated with an internal solution that contained only 0.1 mM 
EGTA, was sufficiently small that Ca inactivation of Ca release did not develop to 
any detectable extent at the holding potential.  If the same is true in our experi- 
ments on cut fibers equilibrated with 20 mM EGTA, the value of [Ca]R in Eq. 6 can 
be neglected and Eqs. 3 and 4 can be written 
db(t)  /dt  =  k  r  -  kappb(t  )  (7) 
and  f(t) 
kap  p  =  kf"  f(t)  + K/c 1 +  kr"  (8) 
In the calculations described below, a(t)  has been described rather arbitrarily by 
another  variable,  x(t),  that  satisfies  a  first  order  differential  equation  (i.e.,  a 
Hodgkin-Huxley variable) and is raised to a power n, JoNc ET AL.  Ca Inactivation of Ca Release in Muscle  371 
a(t)  =  x(t)".  (9) 
The steady state values of x at -90 mV, the holding potential, and at -20 mV, the 
standard depolarization, were assumed to be 0 and 1, respectively. 
For our calculations, the values of k~, kr, and K/q were adjusted to make the time 
course off(t) after a voltage step to -  20 mV resemble the experimental d~ [CAT]  / 
dt signal in fibers equilibrated with  20 mM EGTA (result a).  Initial  estimates  of 
these parameters were made as follows. The value of k~ is expected to be approxi- 
mately equal to the rate constant of recovery from inactivation (Eq. 8 withf(t) ~  0). 
Consequently, in our voltage-clamp experiments on fibers equilibrated with 20 mM 
EGTA, the value ofk~ is expected to be ~(50 ms) -x =  20 s  -1 (result c). 
During a step depolarization to -20 or 10 mV, the time constant of the final de- 
crease of the dA[CaT]/dt signal to its quasi-steady level is determined by Eq. 2 from 
the final time courses of a(t) and b(t). In the absence of EGTA or fura-2, the free 
[Ca]  transient is sufficiendy large that it is reasonable to assume that the value of 
k~pp in Eq. 4 is approximately equal to kf + k~ (Schneider and Simon, 1988). Conse- 
quently, according to Eq. 5, b(~) -------  k~/(kf + k~). 
In a fiber equilibrated with 20 mM EGTA, the value of b(o0) is increased by a fac- 
tor of ~-,4-6 (result a). For the initial estimates of the parameters, a value of six was 
used for the factor. Since the value of kr is not expected to change with the addition 
of EGTA, the sixfold increase in  b(00) implies a  sixfold decrease in  k~pp (Eq.  5). 
Hence, in a fiber equilibrated with 20 mM EGTA, k~pp ------ (kf +  k~)/6. An estimate of 
this k~pp can be obtained from the value of the time constant of the final decrease of 
the dA[CaT]/dtsignal with EGTA, "-'2 ms (result a), on the assumption that a(t) ~- 
a(oo). This gives k~pp -  500 s -1, from which kf ~  3,000 s  -1 is obtained. The assump- 
tion that a(t)  -  a(oo) is likely to be more accurate for signals measured in the pres- 
ence of EGTA than in its absence because the final decrease of the d~ [Car]/dt sig- 
nal occurs later in time in the presence of EGTA (Fig. 1 B), when activation is ex- 
pected to be increasing less rapidly. With k~ =  20 s -1 and k~pp =  500 s -a, Eq. 5 gives 
b(o0) =  0.04. Because a(~) is expected to be approximately unity, f(~)  --- 0.04. Ac- 
cording to Eq. 8, these values of kapp, k~, kr, andf(o0) correspond to K/ca =  0.2. 
Eqs. 2, 7, 8, and 9 were integrated numerically with the initial estimates of the pa- 
rameters in Eqs. 7 and 8: k~ =  20 s -1, K/ca  =  0.2, and k~ =  3,000 s -1. The value of 
the rate constant for x(t) at -20 mV in Eq. 9 and the value of n were coarsely ad- 
justed so that the theoretical dA [Car]/dt signal during a prolonged depolarization 
would roughly resemble the experimental one. The delay in the onset of the exper- 
imental dA[CaT]/dtsignal required rather large values of n, 20-30. Since the exper- 
imental delay includes delays in tubular depolarization as well as delays associated 
with the activation process itseff, it is difficult to attach any mechanistic significance 
to such a large value of n; it has been used simply as a computational convenience. 
The rate constant for x at -90 mV was coarsely adjusted so that the decrease in the 
theoretical curve after repolarization (not shown) would roughly resemble the ex- 
perimental one. In calculations with two pulses, the value of x(t) just before each 
test pulse was reset to 0 to insure that the time course of a(t) was the same during 
both the prepulse and the test pulse, in agreement with the similarity of the time 
course of prepulse and test pulse intramembranous charge movement (Fig. 8); this 372  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
adjustment was necessitated by the large value of n and the associated slow rate of 
decay of x(t) after repolarization. The rate constants for x were assumed to be con- 
stant at a given potential and independent  of Ca. 
After these initial calculations were completed, the values of h~,/~, and K~ Cl were 
coarsely adjusted by trial and error to satisfy two conditions: (a)  the steady to peak 
ratio off(t)  during a voltage step should be ~0.5  (result a), and  (b)  the final time 
constant of the decay off(t) to its steady level should be N2 ms (result a). The final 
values that were adopted for the parameters in Eqs. 7 and 8 were h~ =  15 s -1, K/ca 
=  0.25,  and kf =  2,000  s -]. The time constants for x(t)  in Eq. 9  were 3  ms at -20 
mV and 40 ms at -90  mV, and the value of n was 25. These parameters give values 
of 0.568 for the steady to peak ratio off(t) and 2.13 ms for the final time constant, 
consistent with conditions a and b. 
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FmURZ 12.  Time course of a(t), b(0, andfl0 
during a  step depolarization. The  top  trace 
shows  a  voltage step  to  -20  mV.  The  next 
trace shows  a(t), calculated from Eq.  9.  The 
steady state value of xwas 0 at -90 mV (the ini- 
tial condition) and 1 at -20 mV; the value of 
the time constant was 3 ms at -20 mV and, in 
calculations shown  in Fig.  13, 40  ms at  -90 
mV; the value of n was 25. The next two traces 
show b(t), calculated from Eqs.  7 and 8 with 
two different initial conditions, b(0) =  1 and 0, 
as indicated; k~ =  15 s -1, K/c =  0.25, and kf = 
2,000 s -1. The thin continuous line shows the 
baseline.  The  bottom  two  traces  show fit). 
These were calculated from a(0  and b(t)  ac- 
cording to Eq. 2. The f(t) trace calculated with 
b(0)  =  1 was scaled to fit the b(0)  =  0 trace from the beginning of the interval to the half peak of 
trace 1, indicated by an x; the scaling constant is 0.103. Additional information is given in the text. 
Qualitative Agreement between the Experimental Results and the Predictions of the 
Schneider-Simon Model 
Fig. 12 shows the theoretical time courses of a(t), b(t), and f(t) during a step depo- 
larization to -20  mV. These traces were obtained by numerical integration of Eqs. 
2,  7, 8,  and 9  with the parameters given in the preceding paragraph  (and also in 
the figure legend). 
The first two traces show voltage and a(t), respectively. After depolarization, the 
increase in a(t) occurs after a marked delay, in agreement with the delay in the ex- 
perimental dA [CAT]/dt signal. The two b(t) traces, shown below the a(t) trace, were 
calculated with  the  initial conditions  b(0)  =  0  and  1,  as indicated; although  the JoNG ST AL.  Ca Inactivation of Ca Release in Muscle  373 
value of b should never be <kJ(kr +  k~)  =  0.00744, a value of 0 has been used for 
purposes  of illustration.  After very different initial  time courses, both  traces ap- 
proach the same final level, 0.0460, which is approximately six times the value of 
k#(~ +  ~). 
The bottom traces in Fig. 12 showf(t), which, as mentioned above, is assumed to 
be proportional to dA [CAT]  ~tit. The waveform calculated with the initial condition 
b(0)  =  1 is similar to that of the  dA[CaT]/dt traces obtained from fibers equili- 
brated with 20 mM EGTA (Fig. 1 B). After depolarization, ri0 increases with a de- 
lay and, after 9-10 ms, reaches a peak value of 0.0810. At the dine of the peak, the 
values of a(t) and b(t) are 0.268 and 0.303, respectively, showing that, according to 
the assumptions in the model, activation is only 27% complete and inactivation is 
already prominent  (~70%  of maximum). Thereafter, f(t)  starts to decrease and, 
because the value of a(0o)  is assumed to be unity, eventually reaches the same final 
level as b(t), 0.0460, indicating that only 4.6% of the SR Ca channels are open in 
the steady state. As mentioned at the end of the preceding section, the steady to 
peak ratio of  J(t) is 0.568 and the time constant of the final decay is 2.13 ms. 
The otherf(t) trace in Fig. 12 was calculated with the initial condition b(0)  =  0. It 
has a smaller peak value than the f(t) trace calculated with b(0)  =  1 and it increases 
more slowly, because the initial rise of  fit) now depends on the rise of both a(t) and 
b(t).  These  differences  are  similar  to  those  observed  experimentally  when  a 
prepulse dA[CaT]/dt signal is compared with a test pulse signal in which the effects 
of Ca inactivation of Ca release are apparent (Fig. 5). 
Theflt) trace calculated with the initial condition b(0)  =  1 was scaled to fit the 
b(0)  =  0  trace in  the  interval from the  beginning  of the  trace  to its  half peak, 
marked by an x. The continuous curve at the bottom of Fig. 12 shows the fit, with a 
scaling factor equal to 0.103. 
Although  no attempt was  made  to express  a(t)  in  terms of intramembranous 
charge movement, it is of interest to compare the value of a(peak), 0.268, with the 
value of intramembranous charge, Qcm, at the time of the peak. In the experiment 
illustrated in Fig. 5,  ~m was estimated to be 14.26 nC/IJ,  F at the time of the peak 
rate of SR Ca release [which is expected to correspond to the peak value of  J(t) ]. At 
the end of a  250-ms pulse,  Oo:m was estimated to be 31.25 nC/~F;  this value, mea- 
sured for a test potential of -20 mV, is near the maximal value measured at larger 
depolarizations. The ratio,  14.26/31.25  =  0.456,  represents the fraction of avail- 
able charge that had moved at the time of the peak rate of SR Ca release. Accord- 
ing to Melzer et al.  (1986), not all of this charge is able to activate SR Ca channels. 
In  their study of Ca inactivation of Ca release,  Schneider and Simon  (1988)  as- 
sumed that 30% of the total available charge must move before activation can oc- 
cur.  If we  make  the  same  assumption  and  also  assume  that  the  total  available 
charge is  equal to 31.25  nC/v,F,  0.3  ￿  31.25  =  9.38 nC/wF must be subtracted 
from  the  peak  and  steady  state  amounts  of charge  to  give  the  corresponding 
amounts  of activation  charge.  Accordingly,  the  fraction  of available  activation 
charge that had moved at the time of the peak rate of SR Ca release was  (14.26- 
9.38)/(31.25-9.38)  =  0.223, which is consistent with the theoretical value of 0.268 
for a(peak) that was obtained in the simulation in Fig. 12. 374  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
Fig.  13 shows theoretical traces that were calculated for the pulse protocol used 
in the experiment in Fig. 5. The top trace shows voltage. The continuous curve in 
the middle set of traces shows f(t) during the 12-ms prepulse. This curve is the same 
as the  initial  part of the f(t)  trace labeled  1 in  Fig.  12.  At the  end  of the  12-ms 
prepulse, f(12 ms) =  0.0615,  a(12 ms)  =  0.630, and b(12 ms)  =  0.098. 
The dotted traces in the middle of Fig. 13 showf(t) during the test pulse after dif- 
ferent periods of repolarization,  as indicated  (in milliseconds).  Two of these f(t) 
traces are shown at the bottom: the prepulse trace  (labeled  I) and the  test pulse 
trace  after  a  20-ms  period  of repolarization  (labeled  2).  The  continuous  curve 
shows trace I scaled by the constant 0.384, which was obtained from a least-squares 
fit of trace 1 to trace 2 in the interval from the beginning of the traces to the x. 
The middle and bottom traces in Fig. 13 duplicate, at least qualitatively, the main 
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FIGUm~  13.  Theoretical calculations of the ef- 
fect of the duration of repolarization  on f(t) 
during a test pulse. Eqs. 2, 7, 8, and 9 were in- 
tegrated numerically with the pulse  protocol 
that was used for Fig. 5. The traces have been 
plotted with the same format and time scale 
that was used in Fig. 5 except thatf(t) replaces 
dA[CaT]/dt.  The continuous  curve at the bot- 
tom  shows the  least-squares  fit  of trace  1 
(prepulse)  to trace 2 (test pulse)  in the inter- 
val from the beginning of the  traces  to the 
time to half peak of trace 1, indicated by an x; 
the scaling factor is equal to 0.384. Additional 
information is given in the legend of Fig. 12 
and in the text. 
the peak amplitude off(t) during a test pulse is decreased, the time to half peak is 
increased, and the initial rising phase is decreased  (result b). The main difference 
between the  theoretical curves in Fig.  13 and the experimental curves in Fig. 5 is 
that  the  theoretical  curves  rise  more  rapidly than  the  experimental  curves  and 
show less delay in the time to half peak. 
The three panels in Fig. 14 are analogous to those in Fig. 6, A, B, and D and are 
plotted with the same vertical and horizontal scales. Fig. 14 A shows the value of p2/ 
Pt plotted as a function of the duration of repolarization. The curve shows a fitted 
decreasing exponential function  plus a  constant.  Its initial value, final value, and 
time constant--0.587,  0.989,  and  51.9  ms, respectively--are similar to the  corre- 
sponding values obtained in  the  experiment in Fig.  6  A--0.586,  1.002,  and  56.4 
ms--and to the corresponding mean values in Table IV--0.389, 0.998, and 48.6 ms. 
These theoretical results are clearly consistent with experimental result b. JoNc ET AL.  Ca Inactivation of Ca Release in Muscle  375 
Fig. 14 B shows the value of Ah/2 plotted as a function of the duration of repolar- 
ization. The initial value of the fitted exponential curve, 1.352 ms, is much smaller 
than that in Fig. 6 B, 4.431 ms, indicating that the experimental effect on Ah/2 was 
more marked than our calculations with Scheme I predict. The final value of the 
curve in Fig. 14 B, 0.075 ms, and the value of the point at 150 ms, 0.057 ms, are also 
less than the corresponding values in Fig. 6 B, 0.593 and 0.557-0.583 ms, respec- 
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FIGURE 14.  Effect of repolarization time on p~//~ (A), Ah/2 (B), and the ratio of the initial rising 
phases (C), from the set of calculations illustrated in Fig. 13. Each continuous curve represents a 
least-squares fit of a decreasing exponential function plus a constant to the data. In A, the curve has 
an initial value of 0.587, a final value of 0.989, and a time constant of 51.9 ms. In B, the curve has an 
initial value of 1.352 ms, a final value of 0.075 ms, and a time constant of 30.3 ms. In C, the curve has 
an initial value of 0.147,  a final value of 0.988, and a time constant of 60.3 ms. Each panel has the 
same horizontal and vertical axes that were used in the corresponding  panel in Fig. 6. Additional in- 
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tively. Thus, Scheme I does not explain the large experimental value of Atl/2 at 150 
ms. The time constant of the curve in Fig. 14 B, 30.3 ms, is about half those in Fig. 
14 A (51.9 ms) and Fig. 14 C (60.0 ms), similar to the differences in time constant 
in Fig. 6 B (21.5 ms) and in Fig. 6 A (56.4 ms), Fig. 6 C (40.7 ms), and Fig. 6 D (35.4 
ms). These theoretical results are qualitatively consistent with experimental result b 
although, as just mentioned, some quantitative differences exist. 
Fig. 14 C shows the values of the ratio of the initial rising phases. Since the exper- 
imental time course of recovery has both a rapid and slow phase, Fig. 14 C should 
probably be compared with results analyzed according to the procedure in Fig. 6 D, 
which shows the rapid phase of recovery, rather than that in Fig 6 C, which reflects 
both the rapid and slow phases. The initial and final values of the fitted curve in 
Fig. 14 C, 0.147 and 0.988, are similar to the mean experimental values, 0.126 and 
1.084, respectively, given in columns 11 and 12 in Table IV. The value of the time 
constant of the exponential function in Fig. 14 C, 60.3 ms, is also similar to that in 
Fig.  14 A, 51.9  ms  (result c). These theoretical results are qualitatively consistent 
with experimental result b. 
The calculations in Figs. 12-14 were carried out to simulate experimental results 
obtained from fibers equilibrated with 20 mM EGTA. If the concentration of EGTA 
is only 0.1 mM, however, as in the experiments used for Fig. 1 A, a large increase in 
free  [Ca]  can occur throughout the myoplasm. A simple, but rough, approxima- 
tion  of this  increase  in  bulk myoplasmic free  [Ca]  is  given by the  integral  of 
dA [Car]/dt times a scaling factor. Since dA [Car]/dt is assumed to be proportional 
to fit), the increase in [Ca]  can be represented by a constant, c~, times the integral 
off(t), and Eq. 6 can be replaced by 
t 
/, 
[Ca]  =  [Ca] rt + clf(t)  + c2Jf(r  ) dr.  (10) 
0 
If [Ca]R can be ignored (see above), Eq. 8 can be replaced by 
t 
f(t)  +  (c2/cl) f f(r)d'r 
=  0  + k  r  (11)  k~pp  k  f"  t  " 
f(t)  +  (C2/C1)I f(r)dr  + K/c 1 
0 
Strictly speaking, the assumption that the increase in bulk myoplasmic free [Ca] 
is proportional to dA[CaT]/dt implies that the concentration of bound Ca inside 
the myoplasm is proportional to the concentration of free Ca. Melzer et al.  (1984) 
used this proportionality to describe in a simple fashion the properties of the rap- 
idly equilibrating Ca buffers in myoplasm in fibers equilibrated with only 0.1 mM 
EGTA. At early times after a strong depolarization, when Ca is binding in a saturat- 
ing manner to Ca-free troponin and Ca, Mg-free pan,  albumin, this approximation JoNo ET AL.  Ca Inactivation of Ca Release in Muscle  377 
may be overly simple. Nonetheless, as shown by Melzer et al. (1984), it can produce 
reasonable estimates of SR Ca release and, for this reason, is considered to be a rea- 
sonable assumption here, at least during the early phase of SR Ca release. At later 
times, however, as the value of bulk myoplasmic free  [Ca] becomes large and the 
rapidly equilibrating Ca buffers become saturated with Ca, the value of the propor- 
tionality constant is expected to change. Fortunately, at the same time, the progres- 
sively increasing value of bulk myoplasmic free [Ca], which is represented by the in- 
tegral terms in Eq. 11, makes the value of k~pp approach kr +  k~. As a result, the ex- 
act expression  that is  used  to  describe  bulk myoplasmic free  [Ca]  becomes less 
critical. 
Fig. 15 shows traces off(t) calculated from Eqs. 2, 7, 9, and 11 with c~/cl =  0 and 
2 ms-l, to simulate 20 and 0.1 mM EGTA, respectively. The values of the other pa- 
rameters were the same as those used for the calculations in Figs. 12-14 except for 
the value of the time constant for x(t) during the depolarization; it was 2.5 ms, in- 
stead of 3 ms, to compensate for the different pulse voltages (10 mV in Figs. 1 and 
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FIGURE 15.  Theoretical calculations of the ef- 
fect of 20 mM EGTA on fl t) during a step de- 
polarization to 10 mV, to compare with the ex- 
perimental  traces in  Fig.  1.  The  top  trace 
shows voltage. The  two bottom traces show 
f(0, calculated as described in the legend of 
Fig. 12 except that Eq. 11 instead of Eq. 8 was 
used for k~pp; c~/q  =  0 and 2 ms  -1  (as indi- 
cated) were used to simulate the effects of 20 
and 0.1 mM EGTA, respectively. The other pa- 
rameters were the same as those given in the 
legend of Fig. 12 except that the time constant 
for x(t) was 2.5 ms instead of 3 ms to allow for 
the more positive potential, 10 mV instead of 
-20 mV. Additional information  is given in 
the text. 
15,  and  -20 mV in Figs. 5 and  12-14). With c2/q  =  0 ms  -1, the peak and steady 
state values off(t) are 0.0928 and 0.0460, respectively. When the value of c2/q is in- 
creased to 2 ms  -1, the peak value off(t) is decreased to 0.0494, the value at the end 
of the trace (30 ms) is decreased to 0.00986, and the value as t ---~o0  is equal to/~/(kr 
+  k~)  =  0.00744. These decreases in f(t)  are expected from the increase in  cJct, 
which allows an increase in bulk myoplasmic free [Ca] to be added to the value of 
local [Ca] next to the inactivation receptor. 
The comparison shown in Fig. 15 is qualitatively similar to that shown in the mid- 
dle panel of Fig. 1 B. The effect of reducing the value of c~/cl from 2 to 0 ms  -1 was 
to increase the peak and quasi-steady (30 ms) values off(t) by factors of 0.0928/ 
0.0494  =  1.9 and 0.0460/0.00986  =  4.7,  respectively. The corresponding experi- 
mental factors were similar.  The factors for the  increases in  the peak and quasi- 
steady values were 2.36/1.09 =  2.2 and 1.37/0.36 =  3.8, respectively (if the rate of 378  THE JOURNAL OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME 106  ￿9  1995 
binding and translocation of Ca by the SR Ca pump is added to dA [CAT]/dt for the 
estimate of the rate of SR Ca release) and 2.36/0.96 =  2.5 and 1.37/0.23 =  6.0, re- 
spectively (if it is not). In assessing the significance of this comparison, it is impor- 
tant to remember that the estimation  of the  rate  of SR Ca release with 0.1  mM 
EGTA is subject to uncertainties, as described in the text discussion of Fig. 1 A, and 
that the third term on the right-hand side of Eq. 10 represents a rough approxima- 
tion of bulk myoplasmic free [Ca] in the presence of only 0.1 mM EGTA. 
The final time constants of the decay of the dA [CAT]/dt  signals in Fig. 15 are 2.23 
ms for cJcl  =  0 and 0.91  ms for c2/cl =  2 ms -a. The corresponding mean values 
from the experiments represented in Fig.  1 were 4.93 and 2.66 ms, respectively. 
Thus, although the calculations simulate the ability of EGTA to increase the value 
of the time constant, the actual theoretical values of the time constants are smaller, 
by a factor of 2-3, than the experimental values. The main reason for this differ- 
ence relates to an experimental difference between the results obtained in Novem- 
ber, 1991 and those obtained in March-June, 1992. The parameters for the calcula- 
tions in Figs.  12-15 were chosen to match the results in Figs.  5-6 and Table IV. 
These experiments were carried out in November, 1991 on fibers equilibrated with 
20 mM EGTA and studied with the TEA-gluconate solution in the central pool. The 
mean value of the final time constant was 2.41 ms at -20 mV. On the other hand, 
the effect of EGTA on the dA[Caz]/dt signal  (Fig.  1)  was studied in March and 
June,  1992, with TEA-methanesulfonate in the central pool. In fibers equilibrated 
with 20 mM EGTA, the mean value of the final time constant was 4.93 ms at 10 mV. 
The main conclusion from these calculations is that there is reasonable qualita- 
tive agreement between the principal features of the theoretical traces in Figs.  13 
and 15 and of the experimental traces in Figs. 5 and 1, respectively. Similarly, the 
results illustrated in Fig.  14 are qualitatively similar to those in Fig.  6. The main 
experimental result that is not qualitatively consistent with Scheme I  is  the pres- 
ence of a small delay in the time to half peak of the test dA[Cav]/dt signal after a 
100-150 ms period of repolarizadon  (Figs. 5 and 8 B). This delay, which is not ac- 
companied by a  change in intramembranous  charge movement (Fig. 8  B), is  re- 
sponsible  for the nonzero value of Atl/~ that was  observed after long periods of 
recovery (Fig. 6 B)  and for the failure of the final value of the ratio of the rising 
phases to approach unity after long periods of recovery (Fig. 6  C and column 9 in 
Table IV). Thus, a brief prepulse appears to elicit some change in the kinetics of 
opening of SR Ca channels that requires a  long time  (>150  ms)  to recover. Al- 
though the cause of this long lasting effect on kinetics has not been determined, 
possibilities that should be considered include the reduction in SR Ca content or 
the  small  increase  in  resting free  [Ca]  produced  by SR  Ca  release  during  the 
prepulse. 
In spite of the success of the Schneider-Simon model in providing a qualitative 
description of our experimental results, two quantitative discrepancies remain. As 
mentioned above, the theoretical curves off(0 in Fig. 13 rise more rapidly than the 
experimental curves in Fig. 5 and the theoretical increase in Atl/2 after a brief pe- 
riod of repolarization (Fig. 14 B) is less marked than the observed increase  (Fig. 6 
B). The presence of such discrepancies should not be considered surprising in view 
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For example, the Hodgkin-Huxley activation function for a(0  (Eq. 9) was used as a 
computational convenience and the power n was selected to reproduce the delay in 
charging the transverse tubular system as well as the delay in the activation process 
itself. The resemblance  between the  theoretical and  experimental results might 
have been improved by the use of different models for the estimation of these two 
delays, perhaps a cable model for charging the tubular system and a charge move- 
ment model for activation. The quantitative discrepancies might also have been re- 
duced  by  modification  of the  Schneider-Simon  model  of inactivation  for  b(t) 
(Scheme I). For example, Ca inactivation of a channel might require the binding 
of more than one Ca ion, as indicated by the experimental results of Simon et al. 
(1991). If so, the binding sites could be at different myoplasmic locations that sense 
different increases in free [Ca]  during release. It is also possible that Ca inactiva- 
tion of Ca release is produced more efficiently by Ca flux through the same chan- 
nel than by Ca flux through neighboring channels  (see, for example, pages 364- 
366 in Jong et al.,  1993; and Pizarr6 and Rfos,  1994). In this case,  the same  b(t) 
function would not apply to every SR release site and the fundamental assumption 
that b(t) acts independently of a(t) would not be expected to hold. Another more 
hypothetical possibility is that K, kr, or k~ may not be constant but may depend on 
voltage or the value of a(t) or b(t). We have not attempted to explore these or many 
other possibilities because  of the  lack of experimental information to guide  us. 
Rather, the calculations illustrated in Figs. 12-15 represent a first attempt to repro- 
duce the main qualitative features of Ca inactivation of Ca release observed in our 
experiments. 
Ca-induced Ca Release 
In fibers equilibrated with 20 mM EGTA, local increases in myoplasmic free [Ca] 
during SR Ca release are expected to occur only within a few hundred nanometers 
of the release sites (Appendices B and D in Pape et al., 1995). As a result, any mod- 
ulation of SR Ca release by Ca would be expected to be caused by changes in Ca 
concentration within this region. Such modulation includes Ca-induced Ca release 
(Endo, Tanaka, and Ebashi,  1968; Ford and Podolsky, 1968; Fabiato, 1984) as well 
as Ca inactivation of Ca release. 
The results in Fig. 9  (see also Pape et al., 1993) show that, after an action poten- 
tial, both the amount and the rate of SR Ca release are substantially smaller with 
>4 mM fura-2 than with 2-4 mM fura-2 or 20 mM EGTA. Similar reductions in the 
rate of Ca release are produced by >4 mM fura-2 during step depolarizations to 10 
mV (long et al., 1993). If the effects of >4 mM fura-2 are due to the Ca buffering 
action  of fura-2  and  not  to  some  other  (perhaps  pharmacological)  effect, they 
would be consistent with a reduction in Ca-induced Ca release. It is therefore of in- 
terest to compare the distance between adjacent SR Ca channels with the distance 
that a Ca ion is expected to diffuse before it is captured by EGTA or fura-2. 
Franzini-Armstrong  (1975)  and  Block,  Imagawa,  Campbell,  and  Franzini-Arm- 
strong (1988)  have reported that the distance between adjacent "foot" structures, 
which appear to contain the SR Ca channels (Inui, Saito, and Fleischer, 1987; Lai, 
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Neher (1986) has derived an expression for kCa, the characteristic distance that a 
Ca ion is expected to diffuse before being captured by a Ca buffer. This expression 
is repeated as Eq. B14 in  Pape  et al.  (1995).  In fibers equilibrated with  20 mM 
EGTA and 1.76 mM Ca, kc~ is estimated to be 81 nm  (Appendix B in Pape et al., 
1995). This estimate is based on a value of 3.0 ￿  10 -6 cm2/s for the diffusion coeffi- 
cient of Ca, Dc,, and a value of 45.6 ￿  l0  s s -1 for kx[EGTA]R (estimated from direct 
measurements with PDAA of the spatially averaged A[Ca] signal in the presence of 
EGTA); if the value of [EGTA]R at the optical site is the same as that in the end- 
pool solutions, 18.24 mM, the apparent association rate constant of Ca and EGTA 
is 2.5 ￿  106 M-is -1. The value ofkc~ in the presence of fura-2 can be estimated in a 
similar way, with a value of 0.7 X  l0  s M-is -1 for the apparent association rate con- 
stant of Ca and fura-2 (the value measured with 2 mM fura-2, Pape et al., 1993). Val- 
ues of 46, 33, 27, and 93 nm are obtained for 2, 4, 6, and 8 mM fura-2, respectively. 
According to the results in Fig. 9  (and inJong et al., 1993), the inhibitory effects of 
fura-2 do not become apparent until the value of kc~ is reduced to ~30 nm, which 
coincides with the distance between adjacent SR Ca channels. 
This correlation may be  relevant to  some  of the  ideas  proposed by Rfos and 
Pizarr6  (1988), based on the structural studies of Block et al.  (1988)  on toadfish 
swim-bladder muscle. Block et al.  (1988)  found that the density of tetrads in the 
transverse tubular membrane, presumed to be composed of dihydropyrydine re- 
ceptors (DHPR), is half that of the "foot" structures (ryanodine receptors) associ- 
ated with the adjacent SR membranes. Since the DHPR's are probably the voltage 
sensors for excitation-contraction coupling (Rfos and Brum, 1987; Tanabe, Beam, 
Powell,  and  Numa,  1988)  and  the  foot structures  are  the  SR Ca  channels  (see 
above), it is plausible to suppose that half of the SR Ca channels are gated by the 
voltage across the transverse tubular membranes and that the other half are not. 
(As far as we are aware, information similar to that obtained by Block et al., 1988, 
from toadfish muscle has not been obtained from amphibian muscle.) 
With these ideas in mind, Rios and Pizarr6  (1988)  introduced the speculation 
that the non-voltage-gated channels are Ca-gated and that they are opened by Ca 
ions that are released into the myoplasm by neighboring voltage-gated channels. If 
correct, it is reasonable to suppose that, once the concentration of fura-2 exceeds 4 
mM and the value of kc~ becomes <33 nm, fura-2 would be able to complex a sub- 
stantial fraction of the Ca ions released from voltage-gated channels before they 
could diffuse to and activate adjacent Ca-gated channels. The decline in Jl and Pl 
observed with >4 mM fura-2 in Fig. 9 may be consistent with this mechanism. On 
the other hand, it seems prudent to also keep in mind the possibility that large con- 
centrations of fura-2,  >4 mM,  might have an inhibitory action on SR Ca release 
that is unrelated to the ability of fura-2 to bind Ca. 
The Voltage-gated SR Ca Channels Appear to Be Susceptible to Ca lnactivation 
In their speculation about voltage-gated and Ca-gated channels, Rfos and Pizarr6 
(1988) proposed that only the Ca-gated channels, and not the voltage-gated chan- 
nels, Are susceptible to Ca inactivation of Ca release. According to their idea, after 
depolarization, the voltage-gated channels open first and remain open for the du- 
ration of the depolarization. Ca ions move through these channels into the myo- JONC ET AL.  Ca Inactivation of Ca Release in Muscle  381 
plasm and open neighboring Ca-gated channels. The Ca-gated channels eventually 
close, however, because of Ca inactivation of Ca release. As a result, only the volt- 
age-gated channels remain open at the end of a long lasting depolarization. 
If the inactivation of SR Ca release that is able to develop in the presence of 6-8 
mM fura-2 (Figs. 10 and 11) is Ca dependent, our results suggest that the extent of 
Ca inactivation varied little, if at all, when the concentration of fura-2 was increased 
from 4 to 6 mM (Fig. 10)  or from 4 to 8 mM (Fig. 11). This insensitivity of Ca inac- 
tivation of Ca release to fura-2 concentration stands in marked contrast to the pro- 
gressive reductions in Ji and Pa that were observed in Fig. 9 when the concentration 
of fura-2 was increased from 4 to 6 mM. If these reductions in Ji and Pa are due to a 
decrease in the number of Ca-gated channels that are able to open because of com- 
plexation of messenger Ca by fura-2 (see preceding section), it would appear that 
Ca inactivation of Ca release must affect voltage-gated as well as Ca-gated channels. 
Additional support for this idea can be obtained from the results in Figs. 5 and 6, 
obtained from fibers equilibrated with 20 mM EGTA. In the middle traces in Fig. 5, 
the curves labeled 150 and 10 show d~[CaT]/dt signals that were elicited by a test 
pulse after the fiber had been repolarized by 150 and 10 ms, respectively. In the 
150-ms trace, the rapidly recovering component of Ca inactivation of Ca release is 
expected to have been essentially in the resting state whereas, in the 10-ms trace, it 
should have been mainly inactivated. (Both signals, however, are expected to have 
been delayed by ,'-,0.5 ms due to the presence of the slowly recovering component 
of inactivation.) 
If, in this experiment, recovery of the rapidly recovering component of Ca inacti- 
vation of Ca release followed the exponential time course shown in Fig. 6 D, it is 
possible to estimate the d21[Cax]/dt signal that would have been observed if no re- 
covery had occurred from the inactivation produced by the prepulse. Let T(d) de- 
note the test dA [Car]/dt signal elicited after a period of repolarization of duration 
d. According to Eq. 1 with the substitution of T(150 ms) for T(0o), 
T(d)  =  exp(-d/a').T(0ms)  +  (1-  exp(-d/r)).T(150  ms).  (12) 
Eq. 12 can be rearranged to give 
T(0ms)  =  exp  (d/r).T(d)  +  (1  -  exp(d/'r)).T(150  ms).  (13) 
The top trace in Fig.  16 shows the voltage step from Fig. 5.  The bottom traces 
show the T(150 ms) and T(0 ms) signals, as indicated. T(150 ms) is the same as the 
trace labeled 150 in Fig. 5.  T(0 ms) was calculated from Eq.  13 with the traces la- 
beled 150 and 10 in Fig. 5; for the calculation, d =  10 ms and t =  35.4 ms (the value 
of the time constant of the exponential function in Fig. 6 D). The  T(150 ms) and 
T(0 ms) traces show dA [CAT]/dt with the initial conditions of almost no Ca inactiva- 
tion of Ca release and almost complete inactivation, respectively. They provide ap- 
proximate estimates ofyR(t) and yl(t), respectively, in Eq. 1. 
In terms of the speculation of Rios and Pizarr6 (1988),  T(150 ms) represents the 
movement of Ca through both the voltage-gated and Ca-gated channels whereas 
T(0 ms)  represents  Ca movement primarily through voltage-gated channels, be- 382  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  '  VOLUME  106  ￿9  1995 
cause they are assumed to not inactivate. Because the initial time course of T(0 ms) 
is markedly delayed with respect to that of T(150 ms), the voltage-gated channels 
appear to open after the Ca-gated channels. This does not agree with the idea that 
Ca from the voltage-gated channels causes the initial opening of the Ca-gated chan- 
nels. The results in Fig.  16, then, provide strong evidence for the idea that the SR 
Ca channels that open first, and are presumably gated by voltage, are susceptible to 
Ca inactivation of Ca release. 
Although our experiments  do not resolve the question of how the non-voltage- 
gated channels  (if any) open, it seems unlikely that they are initially opened by Ca 
from the voltage-gated channels unless the voltage-gated channels are susceptible 
to Ca inactivation of Ca release. In fact, our results would clearly be consistent with 
a scheme in which each voltage-gated channel would be susceptible  to Ca inactiva- 
r 
L 
~  T~dt 
Ores 
I  I 
0  ~  ~ms~  10 
FIGURE 16.  The effect of Ca inactivation  of 
Ca release on the time course of the rate of SR 
Ca release,  from the two pulse  experiment il- 
lustrated in Fig. 5. The top trace shows voltage. 
The  bottom  superimposed  traces  show  two 
d~[CaT]/dt , or  T(d),  signals  elicited  by the 
test pulse after periods of repolarization, d, of 
150 and 0 ms, as indicated. The trace labeled 
150 ms is from Fig. 5. The trace labeled 0 ms 
was estimated from Eq. 13; it is equal to the 10 
ms trace in Fig. 5 scaled by the factor exp(10/ 
35.4)  =  1.326 plus the 150 ms trace scaled by 
the  factor  1  -exp(10/35.4)  =  -0.326.  See 
text for additional information. 
tion of Ca release and its adjacent non-voltage-gated channels  (if any) would func- 
tion as slaves to it, perhaps with Ca as the gating messenger.  In this case, a  single 
voltage-gated  channel  and  its  adjacent  non-voltage-gated channels would form a 
collection of channels that function as a singly gated unit. Our results would also be 
consistent with the simpler scheme in which each voltage sensor in the transverse 
tubular membranes gates a single SR Ca channel and all of the channels behave as 
a homogeneous population. In either case, in this article and in Pape et al.  (1995), 
a  single SR channel or a  cluster of channels that function as a  singly gated unit is 
called a release site. As mentioned above and discussed in the next section, it is pos- 
sible  that far fewer than  half of the  SR Ca channels  may actually be open at the 
same time after either action-potential or voltage-clamp stimulation. This inference 
along with estimates of the single-channel current of a ryanodine receptor Ca chan- 
nel raises the possibility, as pointed out by Block et al.  (1988), that the Ca channels JONG ET AL.  Ca Inactivation of Ca Release in Muscle  383 
associated with foot structures that are not directly associated with DHPR's are "si- 
lent", i.e., do not function as Ca release channels. 
Implications of the Idea That Only a Small Fraction of SR Ca Channels 
Can Open at the Same Time 
As mentioned above, two observations support the idea that, after a strong depolar- 
ization of a fiber equilibrated with 20 mM EGTA, Ca inactivation of Ca release is 
sufficiently strong to eventually affect most of the SR Ca channels. The first obser- 
vation is the marked decrease in the initial rising phase of the  dA[CaT]/dt signal 
that occurs during a test pulse that is applied shortly after a prepulse (Fig. 5 and Ta- 
ble IV). For example, the mean values of columns 8 and 11 in Table IV (0.093 and 
0.126)  suggest that at least 0.9 of the channels are inactivated immediately after a 
10-15-ms prepulse to -20 mV. 
The second observation is based on the markedly different values of two rate con- 
stants: the rate constant of the final decrease of the dA[CaT]/dt signal to its quasi- 
steady level, ~  500 s -1 during a voltage step to -20  mV, and the rate constant for 
recovery from inactivation during repolarization,  ~20  s -a. If a(t)  -~  a(oo)  during 
the final decrease of the dA[Caw]/dt signal, Scheme I with Eqs. 4 and 5 gives k~ ------- 
20 s -1, kap p r"a500 S  -1, and b(o0)  =  kr/kap p ~  20/500  =  0.04. Thus, within the flame- 
work of the assumptions, 96% of the activated SR Ca channels are expected to be 
inactivated after a prolonged depolarization to -20 inV. This expectation relies on 
the  assumption  that the value of k~ is constant and, in particular,  that it has the 
same value during a depolarization that it has during a recovery period at -90 mV. 
(Note: Schneider and Simon (1988)  obtained different values for k~, kapp, and kJ 
kap  p in their experiments carried out on fibers with unmodified  [Ca]  transients:  k~ 
(1/'rrec in their nomenclature)  =  11 s -1 and kap  p  (1/Tde c in their nomenclature)  = 
31 s -1, which gives kr/kapp  =  0.35, an order of magnitude larger than our estimate. 
Because  their  experiments were  carried  out  at a  lower temperature  than  ours 
(6--10~  rather than  14~  and since they consider their value of k~ to be a lower 
limit because free [Ca] was still decreasing during the first part of their recovery pe- 
riod, our value of ~20 s -1 for k~ is in reasonable agreement with their value of 11 
s -~. The main difference, then, between our results and theirs is in the value of k~pp. 
The difference is not due to our equilibration of fibers with 20 mM EGTA because 
fibers with unmodified  [Ca] transients, and studied in this laboratory under condi- 
tions that were similar to those used for fibers equilibrated with 20 mM EGTA, also 
gave large values for k~pp: on average, (2.66 ms) -1 =  376 s -1 in fibers from Rana tem- 
poraria and  (1.58) -1  =  633 s -1 in fibers from Rana pipiens (see text associated with 
Fig. 1). We have no satisfactory explanation for this marked difference in the values 
of k~pp.) 
If only 4-5% of the SR Ca channels are open during the quasi-steady level of re- 
lease, only about twice this amount, 8-10%, are expected to be open at the time of 
the peak rate of release (result a). In a similar series of experiments carried out on 
fibers equilibrated with 20 mM EGTA, Pape et al.  (1995)  found that the peak rate 
of SR Ca release during a strong depolarization was about half of that observed af- 
ter an action potential;  thus, ~16--20% of the SR Ca channels are expected to be 
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equilibrated with 20 mM EGTA. One of the explanations suggested for this differ- 
ence is that the regenerative Na spike in the transverse tubules in the action-poten- 
tial experiments may allow activation of SR Ca release to be synchronized through- 
out the cross section of a fiber so that the peak rate of release occurs nearly simulta- 
neously throughout the fiber. This explanation seems attractive in view of the large 
amount of inactivation that appears to develop after an action potential and the 
rapid rate of its development, as measured during voltage-clamp experiments. 
According to these ideas, it appears that only a small fraction of the SR Ca chan- 
nels can actually be made to open at the same  time by either action-potential or 
voltage-clamp depolarization. Furthermore, from the simplest considerations, once 
a channel is activated, it would be expected to remain open for only a brief period 
of time,  on average ~2  ms  at  -20  mV in our EGTA voltage-clamp experiments 
(given by the value of [h~pp -  h~]-l).  The channel would  then  close and  remain 
closed for an average period of time of ~50 ms  (given by the value of k~  -1)  before 
opening again. 
An  important question  to  consider is whether such  small values of the  mean 
open probability of SR channels are consistent with other measurements. For ex- 
ample, the rate of SR Ca release is determined by the concentration of SR Ca chan- 
nels (expressed in terms of the myoplasmic solution), their mean open probability, 
and the single-channel Ca current. In the experiment in Fig. 1 B, for example, the 
peak rate of SR Ca release was 74 IxM/ms. Pape, Konishi, and Baylor (1992)  esti- 
mated the concentration of SR Ca channels to be 0.27 I~M, from the concentration 
of foot structures (Franzini-Armstrong, 1975) on the assumption of a 1:1 stoichiom- 
etry. If all of the channels were open  (i.e., the mean open probability were one) 
and the rate of release were 74 ~M/ms,  the flux through each channel would be 
~3 ￿  105 Ca ions/s, corresponding to a single-channel current of ~0.1 pA. On the 
other hand, if a release rate of 74 I~M/ms were supported by only 10% of the chan- 
nels being open, the single channel current would need to be ~1 pA. 
Although the flux through a single SR Ca channel has not been measured inside 
a frog cut muscle fiber, it has been measured in bilayers that contain either nadve 
channels (Smith, Coronado, and Meissner, 1986) or channels from purified ryano- 
dine receptor protein (Smith, Imagawa, Ma, Fill, Campbell, and Coronado, 1988) 
from rabbit skeletal muscle. With 53 mM Ca on the side of the bilayer that corre- 
sponds to the lumen of the SR, the single-channel current is ~3 pA at 0 mV, 90- 
99~  As far as we are aware, currents in single channels from skeletal muscle have 
not been measured with concentrations of Ca as low as 1-9 mM, the estimated free 
concentration inside the SR  (Hasselbach and Oetliker,  1983). There is consider- 
able evidence, however, that the single-channel current is not directly proportional 
to free [Ca] between 1-9 and 53 mM. Smith et al. (1988) studied single channels in 
bilayers with the same concentration of Ca on both sides of the membrane. They 
found that the relation between conductance at 0 mV and [Ca] could be fitted by a 
1:1 binding isotherm with Km -- 3 mM. If the same binding isotherm is used to de- 
scribe the relation between singie-channel currents at 0 mV (the likely value of SR 
membrane  potential,  Somlyo,  Shuman,  and  Somlyo,  1977)  and  millimolar free 
[Ca]  on the luminal side of the membrane only, a single-channel current of 3 pA 
with 53 mM Ca would correspond to 0.79-1.96 pA with 1-9 mM Ca. JONG ET AL.  Ca Inactivation of Ca Release in Muscle  385 
Tinker and Williams  (1992)  and Tinker, Lindsay, and Williams (1992)  have car- 
fled out an extensive analysis of the permeability properties of purified ryanodine 
receptor channels isolated from sheep cardiac muscle. From their results, Tinker, 
Lindsay, and Williams  (1993)  estimate a value of 2 pA for the single-channel cur- 
rent at 0 mV and 21~  with 2.5 mM Ca on the luminal side of the membrane only. 
Based on these results obtained with SR Ca channels in bilayers, a value 1-2 pA 
for the current through a single SR Ca channel inside a frog cut muscle fiber ap- 
pears reasonable. These values are clearly consistent with the idea that only a small 
fraction of SR Ca channels may actually be open at the same time after either an ac- 
tion potential or during a voltage step to positive potentials. 
Role of Ca Inactivation of Ca Release during an Action Potential 
or Brief Voltage Pulse 
Although a good case can be made for the idea that most of the SR Ca channels are 
inactivated by an action potential or a brief depolarization, the main experimental 
evidence for this idea is provided by measurements of SR Ca release that were elic- 
ited by a  second stimulation.  As a  result,  it is difficult to determine  exactly how 
much  inactivation  developed  during  the  first period  of depolarization  and  how 
much developed during the first few milliseconds after repolarization. Since Ca in- 
activation of Ca release appears to be able to develop rapidly during depolariza- 
tion, even in fibers equilibrated with 20 mM EGTA, it is conceivable that inactiva- 
tion is also able to develop rapidly after repolarization. The importance of this inac- 
tivation could be marked if the values of/~ kr, and kr in Scheme I were not constant 
but depended on voltage or some other parameter that changes with voltage. For 
example, if the value of k~ were much larger during a depolarization than during a 
repolarization to -90 mV, Ca inactivation might develop to a relatively small extent 
during depolarization  and  then  develop to a  large extent after repolarization.  If 
this were the case, the turn off of SR Ca release after repolarization following an ac- 
tion potential or brief voltage pulse could depend strongly on both voltage-depen- 
dent deactivation and Ca-dependent inactivation. 
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